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ABSTRACT 
 
The common ringtail possum (Pseudocheirus peregrinus), a member of the family 
Pseudocheiridae, is an arboreal folivorous marsupial that feeds predominantly on 
Eucalyptus foliage. Contrary to the expectation that small body size would inhibit 
utilisation of a diet containing such high levels of lignified fibre because of relatively low 
gut volume to body mass ratios and relatively high mass-specific metabolic rates and 
nutrient requirements (Hume 1999), the ringtail possum is able to survive solely on a diet 
of Eucalyptus foliage.  
 
The rabbit (Oryctolagus cuniculus) is a terrestrial herbivore and is a member of the 
family Leporidae that feeds predominantly on grasses. The rabbit was proposed as a 
digesta flow model for the ringtail possum since both are caecotrophic (periodically re-
ingest caecal contents) and both are proposed to exhibit a colonic separation mechanism 
(CSM) where fluids and small, easily digested particles are preferentially returned to the 
caecum. The rabbit is of value for the modelling process since it is more accessible for 
experimental manipulation than the ringtail possum. 
 
This study investigated a proposal to use digesta passage through the gastrointestinal tract 
(GIT) of the rabbit as a model of digesta passage for the ringtail possum on the basis that 
both are caecotrophic caecum fermenters. A number of potential problems were 
identified with this proposal and investigation of these problems formed the basis for the 
research described in this thesis. Two main areas were identified as being potentially 
problematic: 1) fundamental flaws with the particulate markers used in digesta rate of 
passage studies; and 2) differences in animal behaviour and natural diet between the two 
subject species which suggested different digestive strategies and hence different patterns 
of digesta flow through the GIT.  
 
The proposed digesta passage markers were lanthanide metals (Dy, Tm, Eu and Yb) 
attached to either fibrous particles (1200 - 600µm) or formalin-fixed rumen bacteria (20 – 
0.2µm). These markers were shown to not be of the assumed size classes and the extent 
 ii
of lanthanide metal binding differed between the four metals used. An effect due to 
method of dosing was also observed. The findings of marker inconsistencies caused 
major limitation to model development and further research is necessary to clarify these 
markers. 
 
The proposal to use digesta flow in the rabbit GIT as a model for digesta flow in the 
ringtail possum was shown to be idealistic due to the differences in anatomy and 
behaviour observed between the two herbivores. Laboratory observations, time series 
analysis and compartmental modelling confirmed the differences between the animals. 
This study showed: 1) the GIT of the rabbit was more complex both anatomically and 
functionally than that of the ringtail possum; 2) behaviour affecting digesta passage of the 
rabbit and ringtail were different and; 3) compartmental models confirmed the anatomical 
and behavioural findings. Digesta passage in the rabbit could not be modelled 
mathematically using data on digesta passage due to complexities of the system. In 
contrast, a basic model was constructed for digesta passage in the ringtail possum. 
 
On the basis of these findings, the research hypothesis “that digesta passage in rabbits is 
similar to that in ringtail possums” was rejected. 
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CHAPTER 1      
                    INTRODUCTION 
 
 
1.1 Research objective  
The objective of the research described in this thesis was the development of 
non-invasive techniques for the study of digesta passage in native Australian 
animals. 
 
The techniques, based on inert markers and mathematical models, were applied 
specifically to the common ringtail possum (Pseudocheirus peregrinus) using 
information derived from initial studies with laboratory rabbits (Oryctolagus cuniculus). 
Faecal elimination curves following oral doses of several digesta markers and mean 
retention times (MRTs) derived therefrom were used to generate computer models of 
digesta movement within the gastrointestinal tract (GIT) with minimal alteration of the 
animal’s behaviour. 
 
 
1.2  Thesis structure  
The thesis is divided into chapters that relate to specific assumptions and hypotheses. 
This chapter introduces the research objective and describes the scientific background to 
the research problem.  Hypotheses and assumptions are developed and methods used for 
testing these are introduced. A statement of expected outcomes from the study completes 
this chapter. 
 
Chapter 2 describes the animal experiments undertaken with laboratory rabbits and 
common ringtail possums in order to generate the data on which to build mathematical 
models of the systems. Also described are the techniques used for preparation of the 
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markers and of samples for analysis by inductively-coupled plasma mass spectroscopy 
(ICP-MS). 
 
Chapter 3 describes the tests of two marker assumptions and a method of analysis 
assumption introduced in this chapter, and the establishment of procedures for preparing 
reliable or ‘ideal’ markers.  
 
Chapter 4 describes the tests of the main research hypothesis and sub-hypotheses and the 
outcomes of model development for the rabbits and ringtail possums. 
 
Chapter 5 summarises the major research findings, re-addresses the hypotheses, 
assumptions and the research objective, and discusses the limitations and implications of 
this study for further research.  
 
 
1.3    Background  
1.3.1 Introduction  
To achieve the research objective described above for the common ringtail possum 
(Pseudocheirus peregrinus), the laboratory rabbit (Oryctolagus cuniculus) was used in 
the developmental phase of the project for two reasons; 1) the reported anatomical and 
physiological similarity of its gastrointestinal tract (GIT) to that of the ringtail possum, 
and 2) its greater accessibility for experimental manipulation.  
 
Similarities between the laboratory rabbit and the ringtail possum are explored in the 
following Sections 1.3.2 to 1.3.5, with an introduction to the type of GIT being 
investigated and the distinct mechanisms within these two herbivores that result in the 
internal and external recycling of nutrients.  
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1.3.2 Hindgut fermenters  
The ringtail possum and the rabbit are both ‘hindgut fermenters’. That is, the hindgut is 
the main site of digesta retention and of microbial fermentation (Hume 1999). The 
‘hindgut’ refers to a functional unit that describes the large intestine and thus includes the 
caecum, proximal colon, distal colon and rectum (Hume 1999). 
 
For virtually all herbivores, an expansion of some region of the GIT houses dense 
microbial populations which degrade cellulose and other constituents of plant cell walls 
anaerobically. The cellulose of plant cell walls cannot be digested by any of the enzymes 
secreted by vertebrates, and so can only be broken down by microbial fermentation 
(Alexander 1993). Depending on the location of the principal site of microbial 
fermentation, all herbivores can be classified as either foregut or hindgut fermenters 
(Hume 1999). 
 
In foregut fermenters the principal fermentation chamber is a modified part of the 
forestomach. Examples of foregut fermenters include: ruminants, camels, 
hippopotamuses, colobine monkeys, sloths and kangaroos (Alexander 1993). Conversely, 
in hindgut fermenters, fermentation occurs only or mainly in the large intestine. Some 
examples of hindgut fermenters include horses, rhinoceroses, elephants, rodents, 
lagomorphs, howler monkeys and some arboreal marsupials (Alexander 1993). 
 
Hindgut fermenters can be further divided into caecum fermenters or colon fermenters. 
Caecum fermenters are generally smaller than colon fermenters (Hume 1989; 1999). In 
most small hindgut fermenters (less than 10kg body mass) the caecum is the primary and 
sometimes the only fermentation chamber (Hume and Warner 1980); using the body 
mass generalisation both the rabbit and the ringtail possum are caecum fermenters. Parker 
and McMillan (1976) suggested that since the caecum accounts for 35% of the total 
volume of the digestive tract in the rabbit it is the main site of fermentation. However, 
fermentation of dietary fibre in the rabbit has been suggested to not be restricted to the 
caecum since production of short-chain fatty acids (SCFAs) has also been observed in the 
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proximal colon (Henning and Hird 1972; Vernay and Raynaud 1975; Parker, 1976; 
Gidenne and Perez 2000).  
 
Parra (1978) suggested that, as metabolic rate is proportional to the three-fourth power of 
body mass (Kleiber 1961), smaller animals have to turn over their fermentation contents 
at a higher rate than larger herbivores. This is observed for two reasons: 1) the high mass-
specific energy demands of the animal; and 2) the disproportionately smaller amounts of 
food available for fermentation (Parra 1978). Smaller herbivores use a number of 
different behavioural and nutritional strategies in order to meet their energy requirements. 
Parra (1978) stated that “Animals are faced with a paradox, that is, as their size is 
decreased their energy requirements per unit mass are increased and their fermentation 
contents per unit weight are decreased”. Lagomorphs and some of the other caecum 
fermenters overcome this problem through the practice of caecotrophy (Hörnicke and 
Björnhag 1980; Alexander 1993). 
 
In caecum fermenters, the digestible components of the food (such as sugars, starches and 
proteins) are largely digested before the food reaches the fermentation chamber (the 
caecum). However, some of the energy from fermented food is incorporated into 
microbial biomass and is available to the herbivore only if the microbes can be digested 
on leaving the fermentation chamber (Alexander 1993). When the fermentation chamber 
is distal to the small intestine (the main site of amino acid absorption), microbial protein 
can only be digested if it is recycled back to the small intestine. Ingestion of soft faeces, 
derived from caecal contents, ensures that this is accomplished. This practice is known as 
caecotrophy, and is practised by some caecum fermenters (including the ringtail possum 
and the rabbit). It allows some of the digesta to be passed through the GIT a second time, 
enabling further digestion by microbes inhabiting the hindgut (Hörnicke and Björnhag 
1980; Alexander 1993). Caecotrophy is discussed further in Section 1.3.5. 
 
In most caecum fermenters the greater part of the fermentation occurs in the caecum and 
“enzymatic” digestion in the stomach and small intestine. In some species of rodents and 
hyraxes there is also significant, although limited, fermentation in the stomach. The 
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distinction and location of enzymatic digestion and microbial fermentation need to be 
kept clear since these will affect the rate of passage through the GIT and hence the 
expected outcomes of any digesta passage model. Aspects of digestion in the GIT of 
caecum fermenters are further discussed in Section 1.3.3.2.  
 
1.3.3 GIT anatomy and physiology of caecum fermenters  
1.3.3.1 General GIT anatomy  
There are five distinct regions of the gastrointestinal tract (GIT) which contribute to the 
ingestion, digestion and fermentation of food by caecum fermenters: the headgut, foregut, 
midgut, pancreas and biliary system, and hindgut (Stevens and Hume 1995; Stevens 
2001). The digestive tract (from stomach to rectum) of the rabbit is shown in Figure 1.1 
and the ringtail possum is shown in Figure 1.2. General characteristics are discussed in 
this section since many structural and functional characteristics of the digestive system 
are common to all vertebrates (Stevens and Hume 1995). 
 
The Headgut comprises the oral cavity and the throat, or pharynx, and is the cranial 
portion of the GIT; this section serves mainly to capture and prepare food for swallowing 
and digestion further down the digestive tract (Stevens and Hume 1995). Teeth are 
initially used to grasp, position, puncture, sort, tear and/or triturate food (Stevens and 
Hume 1995). Prinz and Lucas (1997) proposed that the efficient mastication of food by 
mammals allows high metabolic rates; chewing maximises the surface area of food 
particles by fragmenting them before digestion, this then increases the rate at which 
enzymes act and thus provides energy at a higher rate. Baker and Dijkstra (1999) 
suggested that, in ruminants, mastication bruises and shears the food particles, exposing 
new surfaces of the food to microbial attachment. 
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Figure 1.1 Diagrammatic representation of the GIT of the laboratory rabbit (Oryctolagus 
cuniculus) (adapted from (Stevens 2001)). 
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Figure 1.2 Diagrammatic representation of the GIT of the ringtail possum 
(Pseudocheirus peregrinus) (adapted from (Hume 1999)). 
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In the Mammalia, the teeth are differentiated into incisors, canines, premolars and 
molars; the basal mammalian dental formula is i 3/3, c 1/1, pm 4/4 and m 3/3. In rabbits, 
this basal dentition is modified by the elaboration of two pairs of incisors for gnawing 
and the loss of the canines, the loss forming an extensive gap, or ‘diastema’, in which no 
teeth occur. The dental formula for the rabbit is 2(i 2/1, c 0/0, pm 3/2, m 3/3) = 28 
(Craigie 1969). 
 
Specialisation of the rabbit’s medial incisors for gnawing is accomplished by the 
elimination of enamel from the posterior surfaces so that the posterior part of the tooth is 
worn away more rapidly than the anterior layer, which therefore forms a sharp cutting 
edge (Craigie 1969).  In the rabbit it can also be observed that the absence of the canines 
allows the lips to be approximated behind the incisors, and since in this region the lips are 
also provided with hairs on their internal surfaces, the main part of the oral cavity is 
separated almost completely from a small space enclosing the incisors. Rabbit cheek 
teeth (molars and pre-molars) are modified for grinding by the formation of flattened 
ends with prominent transverse ridges and, since the chewing motion of the mandible is 
almost entirely antero-posterior, these ridges are at right angles to the direction of 
movement in this activity (Craigie 1969). 
 
The teeth of the ringtail possum differ from those of the rabbit in that the incisors are not 
particularly large, and the molars have long shearing blades and high cusps (Kay and 
Hylander 1975). A shearing action is accentuated by many accessory crests, and crushing 
has been minimised by restriction of the size of the trigonid and talonid basins (Kay and 
Hylander 1975). Gipps and Sanson (1984) suggested that the highly folivorous nature of 
the ringtail possum is reflected in its dentition; during mastication the ringtail possum 
may chew individual leaf fragments up to 30 times. This was confirmed by Hume (1999) 
who suggested the features of the dentition of the ringtail possum result in the grinding of 
their highly resilient Eucalyptus foliage diet.  
 
The tongue of most vertebrates is attached to the floor of the mouth throughout most of 
its length (Stevens and Hume 1995). The tongue of the rabbit is attached basally on the 
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hyoid into the floor of the mouth; from here it projects upward and forward; the dorsal 
surface of the tongue is divided into a posterior smooth, hard portion, which forms a 
rounded elevation, and an anterior softer and rougher portion (Craigie 1969). Both are 
covered by closely set fine processes, the papillae operariae. The tongue has the role of 
moving food around the mouth for mastication as well as moving the food bolus into 
position for swallowing (Stevens and Hume 1995). The tongue of the ringtail possum has 
received little attention, as for the rabbit; the main function of the tongue is to manipulate 
the food in the mouth so that the teeth can masticate it effectively. The oral cavity is 
lubricated by mucus-secreting multicellular glands (Stevens and Hume 1995). 
 
The foregut comprises the oesophagus and stomach (Stevens and Hume 1995; Stevens 
2001). The oesophagus is a slender but greatly expansible tube leading from the pharynx 
to the stomach (Craigie 1969). The oesophagus transfers the masticated food bolus from 
the mouth to the stomach. The oesophagus of vertebrates is generally lined with an inner 
layer of circular muscle and an outer layer of longitudinal muscle (Stevens and Hume 
1995); however, there is much species variation in the distribution of these two muscle 
types. 
 
The stomach is defined as an enlargement, or series of enlargements, in the anterior part 
of the GIT, in which food is digested (Craigie 1969). Stevens and Hume (1995) suggested 
that the regions of the stomach for general comparison are best described by their 
epithelial lining of proper gastric, cardiac, pyloric glandular mucosa, and non-glandular 
stratified epithelium.  
 
The stomach of the rabbit has been studied in detail by (Craigie 1969); he described 
seven anatomically important features of the stomach: 1) The greater curvature 
(curvatura ventriculi major), its convex posterior surface; 2) The lesser curvature 
(curvatura ventriculi minor), the contracted, concave anterior surface; 3) The main 
portion or body of the stomach (corpus ventriculi). It lies for the most part to the left of 
the median plane; 4) The cardia or area of junction with the oesophagus, largely 
concealed by the lesser omentum; 5) The fundus, a sac-like expansion of the stomach to 
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the left of the cardia; 6) The pyloric limb (pars pylorica) forms the right portion of the 
organ; and 7) The pylorus, the point of communication of the stomach with the intestine 
(duodenum). It is marked by an annular constriction, preceding which is a greatly 
thickened muscular portion of the pyloric limb, known as the pyloric antrum (antrum 
pyloricum). Little anatomical work has been done on the stomach of the ringtail possum; 
however (Hume 1999) described it as being small and simple. 
 
The midgut or small intestine is the posterior portion of the digestive tube, or that portion 
extending from the pylorus to the caecum; it is divided into three sections, the duodenum, 
jejunum and ileum and is the major site for carbohydrate, fat and protein digestion 
(Stevens and Hume 1995; Stevens 2001). The duodenum and jejunum form a more 
vascular portion with thickened walls, while the wall of the ileum is less vascular and 
more transparent (Craigie 1969).  
 
Craigie (1969) observed the anatomy of the small intestine of the rabbit; the first part, the 
duodenum, curves round from the pylorus to turn back and form a U-shaped loop lying 
on the dorsal wall of the abdominal cavity to the right of the vertebral column. The distal 
end of this portion of the intestine disappears in the peritoneum – this point marks the 
beginning of the second portion, the mesenterial small intestine (jejunum and ileum), 
which may be traced to its termination on the greatly enlarged caecum. At its connection 
with the caecum, the small intestine forms a rounded, semi-expanded sac, the sacculus 
rotundus, which is a feature peculiar to the rabbit (Figure 1.1). Anatomical information 
concerning the small intestine of the ringtail possum is limited; Hume (1999) stated that 
the ringtail possum has a short small intestine. 
 
The pancreas and biliary system are embryonically derived from the midgut epithelium 
and their contributions to digestion centre on this segment of the GIT (Stevens and Hume 
1995). These systems have not featured prominently in the study of the GIT of the rabbit 
or the ringtail possum. 
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The hindgut is comprised of the caecum, colon (proximal and distal) and rectum and 
serves as the final site for storage of digesta and retrieval of dietary or endogenous 
electrolytes and water; in many herbivorous mammals it is also the principal site of 
microbial fermentation (Stevens and Hume 1995; Stevens 2001).  
 
The musculature of the hindgut has been suggested by (Stevens and Hume 1995; Stevens 
2001) to be similar to the midgut in most species. However, in some species the circular 
layer of muscle is heavier than that of the midgut. In many mammals, including the rabbit 
and ringtail possum, the longitudinal muscle of the caecum and varying lengths of the 
colon form taeniae similar to those described for the stomach of some mammals; these 
bands serve the similar purpose of drawing the included segments into haustra (Stevens 
and Hume 1995). 
 
The caecum in both the rabbit and the ringtail possum is greatly enlarged and strongly 
haustrated. Craigie (1969) observed the course of the caecum as it lies in the body of the 
rabbit and suggested that it is comparable to two turns of a left-handed spiral. It has a 
blind terminal portion, the thick-walled vermiform process (Figure 1.1), which is also 
relatively large and, until the beginning of this portion is reached, its internal surface area 
is further increased by the presence of a long spiral fold or spiral valve.  
 
Snipes (1978) divided the rabbit caecum into three major macroscopic sections; 1) the 
bulbous ampulla coli where the proximal colon emerges; 2) the body (corpus ceci) which 
contains 18 to 22 haustra-like bulges or pouches; and 3) the terminal portion of the 
caecum, the finger-like rough surfaced appendix vermiformis. Figure 1.3 shows the major 
features of the caecum in relation to the entrance of the ileum at the sacculus rotundus 
(the first haustrum-like pouch of the corpus ceci) and the exit of the proximal colon from 
the bulbous ampulla coli. Snipes (1978) suggested that the appendix and sacculus 
rotundus are specialised lymphoid organs. 
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Figure 1.3 Diagrammatic representation of the caecum of the rabbit adapted from Snipes 
(1978) where ∆ = sacculus rotundus; C = proximal colon; A = ampulla coli; I = ileum; 
CC = corpus caeci and Ap = appendix vermiformis. 
 
 
By observing dried specimens Snipes (1978) found the internal structure of the caecum to 
be a “complicated system of spirals and folds”. Figure 1.4 shows this spiral structure as 
well as the lymphatic plaque directly above the opening from the ileum. The folds and 
spiral divide the sections of the caecum; Snipes (1978) suggested that the folds bordering 
the ileocaecal orifice divides the ampulla coli from the corpus ceci (Figure 1.4). The 
portion of the fold attached to the caecal wall is ridged in structure while the portion 
extending into the lumen is more flexible and Snipes (1978) reported that it undulated 
back and forth with movement of the caecal contents. The haustrations of the caecum 
appear to be the result of an inner spiral fold which runs continuously from the beginning 
of the corpus ceci to the orifice into the appendix; this structure can be envisaged as the 
inner muscular core, aiding in the contraction forces and simultaneously moving caecal 
contents (Snipes 1978).  
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Figure 1.4 Schematic drawing of the internal, macroscopic structure of the caecum 
adapted from Snipes (1978) where I = ileum; L = lymphatic plaque; →← = fold 
bordering ileocaecal orifice; A = ampulla coli; C = proximal colon; ◄ = spiral folds in 
corpus caeci (CC). 
 
Hume (1999) described the caecum of the ringtail possum to be large and strongly 
haustrated, caused by the teniae, or longitudinal bands, which are slightly shorter than the 
gut so that the latter is thrown into tucks or pouches. Unlike the rabbit, the ringtail 
possum does not posses a sacculus rotundus or an appendix vermiformis. O'Brien et al. 
(1986) showed that in the caecum of the ringtail possum, large populations of bacteria 
become associated with leaf fragments while apparently attacking selected cell walls and 
protoplasts. 
 
The colon is the main portion of the large intestine. It is greatly specialised in the rabbit, 
and may be considered to consist of ascending, transverse, and descending parts. The 
ascending colon lies on the right side of the body and passes in a general way from its 
point of origin on the caecum forward to a point where it becomes flexed to the left as the 
transverse colon; the latter crosses the body and is flexed backward as the descending 
colon (Craigie 1969). 
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Initially, Elliott and Barclay-Smith (1904) used three divisions to define the colon; the 
proximal (or sacculated colon has three strong longitudinal bands which extend 
throughout its entire length and pucker up the tube into numerous sacculated chambers), 
intermediate and distal colon (which included the anal canal). They observed that, at the 
end of the haustrated proximal colon, faecal nodules are shaped, and that movement of 
these nodules result from propulsive peristalsis.  Years later the colon was divided into 
four morphologically different regions (Figure 1.5) by external characteristics (Hörnicke 
and Batsch 1977) and by macroscopic and microscopic criteria (Snipes et al. 1982). The 
first three define the proximal colon while the fourth describes the distal colon; 1) the 
initial portion of the colon immediately distal to the caecum has wart-like protrusions and 
is about 10 cm long with three teniae; 2) The adjoining portion of the colon has one tenia, 
is about 20cm in length and displays the same ‘wart-like’ protrusions but in a less 
prominent form. 3) The fusus coli, which is a short segment of approximately 4cm in 
length; it has no teniae but exhibits longitudinal folds on its inner surface. 4) The distal 
colon is about 80 - 100cm in length and does not show any obvious enlargement on its 
surface. The distal colon of both the rabbit and the ringtail possum ends at the rectum. 
 
 
Figure 1.5 Schematic representation of the rabbit colon. (A = ampulla coli; C = corpus 
caeci; 1º = first segments of the proximal colon (3 teniae); 2 º = second segment (1 tenia); 
f = the third segment (the fusus coli) and the distal colon (the fourth segment) (Snipes et 
al. 1982). 
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Hume (1999) suggested that since there is no development of the proximal colon for 
retention of large amounts of digesta in the ringtail possum, microbial fermentation is 
therefore confined to the caecum. 
 
1.3.3.2 General GIT physiology  
Gastrointestinal tract (GIT) physiology is closely related to and affected by anatomy. For 
the GIT to function it must be capable of ingesting, digesting, absorbing and utilising the 
food source. Digestion is the decomposition of food (carbohydrates, lipids, proteins, and 
nucleic acids) into their basic parts (monosaccharides, fatty acids, alcohols, peptides, 
amino acids, and other compounds) that can be readily absorbed by the animal (Stevens 
and Hume 1995). Digestion can be grouped into three components: mechanical 
(mastication and muscular contractions of the GIT); chemical (brought about by enzymes 
secreted by the animal in the various digestive fluids) and microbial fermentation by 
enzymes secreted from the microbes (bacteria, protozoa and fungi) (McDonald and 
Edwards et al. 1995).  
 
The mechanical component of digestion has an important role in processing the food to 
increase surface area; this is achieved predominantly by mastication (Prinz and Lucas 
1997; Baker and Dijkstra 1999). Increasing the surface area, increases the number of sites 
for attachment of bacteria and attack by host enzymes; thus increasing rates of digestion 
and nutrient supply for absorption. 
 
Muscular contractions of the GIT move food into compartments of the tract which allow 
time for the microbes and host enzymes to act. This is particularly so in the proximal 
colon of the rabbit and ringtail possum where muscular contractions move fluids and 
micro-particles back into the caecum (where the microbes are housed) while facilitating 
the flow of fibrous larger particles through the colon (Björnhag 1972; Cork and Warner 
1983; Chilcott and Hume 1985; Björnhag 1987; Foley and Hume 1987; Cork and Foley 
1997).  
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Chemical digestion depends on enzymes produced by the host animal. However, “the 
demonstration of endogenous digestive enzymes is complicated by the presence of 
enzymes ingested with the food or synthesised by indigenous microbes” (Stevens and 
Hume 1995). Also, enzymatic activity changes with diet and time of day. 
 
The substrates or food components broken down during chemical digestion include 
carbohydrates, lipids, proteins and nucleic acids. Carbohydrates have three functions in 
plants and animals: structure (polysaccharides; the principal carbohydrates of terrestrial 
plants are cellulose, hemicelluloses, and pectins), storage (the starches, amylose and 
amylopectin) and transport (the disaccharides sucrose trehalose and lactose; and the 
monosaccharides glucose and fructose) (Stevens and Hume 1995). Lipids serve as then 
major energy reserve in many plants and animals with the main forms of storage in 
animals as triglycerides, neutral esters of glycerol and three fatty acids (Stevens and 
Hume 1995). Proteins of plants and animals consist of chains of L-amino acids linked 
together with peptide (- NH · CO -) bonds; the protein content of plants varies with part 
(e.g. seeds or leaves), stage of growth, and species (Stevens and Hume 1995). These 
proteins are sequentially hydrolysed by endopeptidases (pepsin, chymosin, trypsin, 
chymotrypsin, elastase and collagenase), which attach the peptide bonds along the protein 
chain and by exopeptidases (C-terminal peptidases carboxypeptidases and N-terminal 
peptidases aminopeptidases) which split off terminal amino acids (Stevens and Hume 
1995). Once broken down into their component parts, carbohydrates, lipids and proteins 
are absorbed across the intestinal epithelium either by passive diffusion or carrier-
mediated transport.  
 
The third aspect of digestion is microbial fermentation. In both the rabbit and ringtail 
possum (Section 1.3.3.1) the greatly enlarged caecum acts as the main storage 
compartment for digesta and microbes. Microbes are essential since the diet of these 
herbivores contains large quantities of cellulose and hemicellulose which cannot be 
broken down by vertebrate digestive enzymes (McDonald and Edwards et al. 1995).  
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Stevens and Hume (1995) suggested that the relationship between the host animal and its 
indigenous GIT micro-organisms is symbiotic. Although metabolic characteristics of 
individual species of bacteria vary, the end products of their combined fermentation do 
not; they produce extracellular enzymes that digest polysaccharides into monosaccharides 
and convert protein into peptides, amino acids and NH3 which are absorbed by the 
microbes themselves. The monosaccharides are further converted by microbial enzymes 
to pyruvate which is then converted by anaerobic metabolism to short chain fatty acids 
(SCFA) (principally acetate, propionate and butyrate). During the process, CO2, H2, CH4 
and H2O are also produced and utilised by or excreted from the animal. The rate of total 
SCFA production is dependent on the substrate-soluble carbohydrate (starches and 
sugars) > pectin > cellulose (Stevens and Hume 1995).  
 
The production of SCFAs in the caecum of the rabbit was first observed by (Elsden et al. 
1946) and later by other authors (e.g. Hoover and Heitmann 1972; Parker 1976). The 
process has been associated with the digestion of cellulose by the animal, and is 
suggested to be analogous to digestion in the rumen (Parker 1976). From their 
observations that butyric acid production in rabbits fed on an increased fibre diet was 
less, and that the production of acetic and propionic were similar whether the rabbits 
were fed high or low amounts of fibre, Hoover and Heitmann (1972) suggested that the 
increase in total SCFAs in rabbits on the high fibre diet was essentially a function of 
caecal volume. The results of Hoover and Heitmann (1972) indicated a divergence from 
the fermentation ratios normally found in rabbits (Barcroft et al. 1944; Elsden et al. 
1946). Since the caloric value of butyric acid is greater than that of propionic, their data 
suggested that butyric acid may have greater nutritional significance in animals with 
caecal digestion than in ruminants (Hoover and Heitmann 1972). The kinetic 
characteristics of the SCFAs in the caecum of the rabbit were suggested by Parker (1976) 
to be rapid rates of fermentation and high flux rates through the caecal pool. The 
variation in the concentration of SCFAs in the caecum of rabbits fed once/day reflected 
large changes that occur in absorption of nutrients in animals on a restricted feeding 
regimen (Parker and McMillan 1976). 
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Lower levels of SCFAs have been observed in the hindgut of marsupial folivores. This 
was attributed by Stevens and Hume (1995) to the tannins in their diet of Eucalyptus 
foliage; however, where examined, the ratios of the three fatty acids were similar to those 
found in the rumen, unlike the ratios observed in the rabbit. 
 
The digestive tract of the rabbit is adapted to a high intake of dietary fibre which is 
fermented in the hindgut (caecum and proximal colon), but is also adapted to more 
concentrated feeds that are efficiently digested in the upper segment of the GIT by 
enzymes of the host (Gidenne et al. 2000). Two thirds of the organic matter was digested 
before the caecum when fed dehydrated lucerne (Medicago sativa) meal (Gidenne 
1992a), and crude protein digestion in the small intestine ranged from 80 to 90% when 
dietary fibre was reduced (Gidenne et al. 2000).  
 
Due to similarities in anatomy and in the nature of their herbivorous diets, the digestive 
physiology of the ringtail possum has been assumed to be similar to that of the rabbit. 
This assumption is explored in Section 1.5 as the underlying hypothesis of this research. 
 
1.3.4 The Colonic Separation Mechanism  
The presence of a colonic separation mechanism was first described by Björnhag (1972) 
and Pickard and Stevens (1972), and movement of digesta in the proximal colon was 
further studied by Ruckebusch and Hörnicke (1977); Björnhag (1981); Ehrlein et al 
(1983) and Hörnicke et al (1984). 
 
Björnhag (1972; 1987; 1994) and Hirakawa (2001) described the CSM in the rabbit in the 
following way: All ileal digesta first enters the caecum and mixes with its contents before 
moving into the proximal colon. At this point it is nearly continuously subjected to 
antiperistaltic movements of the haustra. Movements of the colonic wall together with 
water secretion (Björnhag 1972; Clauss 1978) separate small particles and water-soluble 
matter from the coarser material. This finer fraction moves to the colonic wall and is 
transported back by antiperistalsis by the haustra into the caecum, where it mixes again 
and the water surplus is absorbed. The coarser fraction moves slowly towards the distal 
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colon, where it forms the hard faecal pellets. The separation activity works during most 
of the day (Björnhag 1972), but during one or two periods it ceases and caecotrophes 
(soft faecal pellets) are formed from caecal matter. Caecotrophes are formed from caecal 
contents that move through the colon without any significant change in composition, and 
are eaten directly from the anus (Björnhag 1987). 
 
Among hindgut fermenting mammals, a distinction can be drawn between ‘separators’ 
and ‘non-separators’ (Cork and Foley 1997). In the hindgut of separators, particulate 
digesta are separated by retrograde movement of solutes so that large particles are 
eliminated relatively rapidly, while small particles are selectively retained (Björnhag 
1972; Cork and Warner 1983; Chilcott and Hume 1985; Björnhag 1987; Foley and Hume 
1987; Cork and Foley 1997). 
 
Because the small particles include micro-organisms, epithelial debris and small, poorly 
lignified fragments of dietary cell walls, and because large particles principally are 
fragments of highly lignified fibre, the ‘colonic separation mechanism’ (CSM) minimises 
faecal losses of microbial nitrogen and retains the most digestible part of the dietary fibre 
while minimising retention of indigestible fibre that could limit food intake (Cork and 
Foley 1997). 
 
The CSM of the rabbit has a high efficiency. Along the proximal colon the nitrogen 
concentration of the dry matter decreases by nearly 70%. Small particles (<0.1mm) 
decrease in concentration at about the same rate (Björnhag 1987). However, a water 
soluble, nonabsorbable marker (polyethylene glycol, PEG) decreases in concentration by 
more than 80% and in some cases up to 97% (Björnhag 1972). The CSM in the ringtail 
possum is reported to be similar to that found in the rabbit (Chilcott and Hume 1985). 
 
1.3.5 Caecotrophy  
Caecotrophy occurs when the CSM is ‘turned off’ and the contents returned to the 
caecum are released and ingested by the animal. Reingestion is not merely a recycling of 
undigested materials (Hirakawa 2001); it has a specific digestive function.  Cork and 
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Foley (1997) summarised that the practice of caecotrophy as the event when the contents 
of the caecum are eliminated as soft faeces (unique in appearance and content) and 
ingested to provide high quality protein to the acid stomach and small intestine. 
Caecotrophy reduces the requirement of small herbivores for dietary nitrogen in general 
and essential amino acids in particular (Cork and Foley 1997). 
 
Caecotrophy is a form of coprophagy or faeces eating. Hirakawa (2001) stated that 
“faeces eaten could be of various kinds; faeces of other species or of the con-specifics; 
those of other individuals (allo-coprophagy) or its own (auto-coprophagy); those once 
deposited or taken directly from the anus”. 
 
Caecotrophy was observed in the rabbit by Morot (1882), Masden (1939), Eden (1940), 
Taylor (1940) and Southern (1942). Southern (1942), Myers (1955), Watson and Taylor  
(1955) and Henning and Hird (1972) all reported that wild rabbits ingested soft pellets 
during their resting phase in the day. Observations from the laboratory rabbit vary; Eden 
(1940), Thacker and Brandt (1955) and Sharkey (1971)  found that laboratory strains 
practise caecotrophy during the night. Taylor (1940) and Bonnafous and Raynaud (1967) 
on the other hand reported that re-ingestion occurred during the day, while Scheunert and 
Zimmermann (1952) found that it occurred several times over the 24h cycle. 
 
Chilcott and Hume (1985) demonstrated conclusively that ringtail possums are 
caecotrophic. Caecal material is excreted as caecotrophes at regular intervals during 
daylight hours, the resting phase. Hard faeces are excreted during the foraging phase at 
night and are not eaten. The chemical composition of hard and soft faeces of the ringtail 
possum is compared in Table 1.1. 
 
Soft faeces were higher in water and nitrogen, and lower in cell-wall polysaccharides and 
lignin. Soft faeces were also similar to caecal contents in their high proportion 
(approximately 60%) of particles less than 75µm, in contrast to gastric contents that 
contained only 35% of these small particles (Hume 1999). There was a rapid change in 
composition of faeces as soon as the animals entered their nest boxes at ‘dawn’; the 
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nitrogen content increased from 1.2% to a maximum of 6.0%, while dry matter content 
declined from about 54% to a minimum of 22%. Faecal composition reverted to that of 
hard faeces toward the end of the light phase (Chilcott and Hume 1985). 
 
Table 1.1 The composition of ‘hard’ and ‘soft’ faeces in ringtail possums (Chilcott and 
Hume 1985). 
Component Soft faeces Hard faeces 
Dry Matter (%) (DM) 23 53 – 57 
Gross energy (kJ g-1 DM) 21.4 24.9 
Total Nitrogen (% DM) 4.7 2.1 
Neutral-detergent fibre (% DM) 38.7 67.3 
Acid-detergent fibre (% DM) 31.1 57.7 
Lignin (% DM) 28.0 36.0 
 
 
1.4  Procedures 
1.4.1 Introduction 
There are three elements of importance when building a digesta passage model; the 
digesta markers, the animal experiments and the mathematical model.  
 
1.4.2 Digesta markers  
Markers are the primary building blocks of a compartmental modelling since it is on the 
information gained from their passage through the GIT that the model is built. The 
importance of reliable markers is therefore paramount. Faichney (1975b) stressed the 
importance of reliable or ‘ideal’ markers “If this (the ability of the marker to satisfy the 
criteria of an ideal marker) is not taken into account when selecting a marker for a 
particular purpose, serious errors can arise”.  
 
Digesta markers are of importance as they can provide estimates of both the extent of 
digestion and the retention time of digesta in different sections of the GIT. Since the 
extent of digestion in any section of the GIT is a function of both the rate of digestion and 
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the time available for digestion, accurate estimates of digesta retention time are of central 
importance (Faichney 1975b).   
  
1.4.2.1 History  
The history of markers is extensive; inert markers have been used for decades to estimate 
ration digestibility and total faecal production rate (Rittenhouse et al. 1982); however, 
there is no agreement on any particular marker with regard to its ability to behave in the 
same manner as the digesta it is to mark. This may be partially due to the wide range of 
substances used as markers (ranging from glass beads and small seeds to radioactive 
nuclides (Kotb and Luckey 1972)).  
 
Markers have been classified as three broad categories; elements, compounds and 
particulates by Kotb and Luckey (1972). They suggested further division into absorbable 
‘urine-markers’ (both completely or partially absorbable from the GIT and recovered in 
the urine) or non-absorbable faecal markers. Kotb and Luckey (1972) described markers 
in category B (compounds) under the subdivisions external and internal markers; where 
external defines those markers that are artificial and given to the animal and internal 
markers are those indigestible components of the diet that can be quantified in the faeces 
(e.g. lignin and cellulose). The markers of interest in this research are non-absorbable 
(faecal) external markers that are almost completely recovered in the faeces. 
 
Kotb and Luckey (1972) reviewed findings of Hoelzel (1930) who studied rate of passage 
using glass beads and other inert materials including rubber, cotton knots, small seeds, 
small pieces of aluminium, steel, silver and gold, gravel, barium sulphate, ferric oxide 
and carmine as indicators of digesta passage through the GIT of rabbits, guinea pigs, 
dogs, cats, rats, mice, monkeys, pigeons and hens as well as himself. He showed that the 
rate of passage of various substances was inversely proportional to their specific gravity. 
Despite the problems identified by Hoelzel (1930) and also Alvarez (1950), other 
workers have continued to use these markers to determine passage times through the GIT 
(Kotb and Luckey 1972) raising questions regarding published data.  
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Stained particles (Blaxter et al. 1956) and various external markers have been used to 
determine the rate of removal of particles from the rumen (Owens and Hanson 1992; 
Huhtanen and Kukkonen 1995). Campling and Freer (1962) confirmed the importance of 
particle size and specific gravity; they suggested that polystyrene particles compared to 
stained food particles do not provide a reliable estimate of digesta passage through the 
cow.  Dyes have been used to stain feed since about 1920 (Balch 1950; Blaxter et al. 
1956; Kotb and Luckey 1972); however Udén et al. (1980) reported that no successful 
quantitative measurement of the dyes had been made, except in the case of anthraquinone 
violet. This dye however, was earlier reported by Kotb and Luckey (1972) to be absorbed 
appreciably from the GIT.  Ellis and Huston (1967) further identified problems with the 
analysis of this technique.  
 
The passage of unattached bacteria from the sheep rumen was successfully monitored 
using alumina with traces of 192Ir with a specific gravity similar to that of the bacteria 
(Bullen et al. 1953). Udén et al. (1980) suggested that this method could be applied to 
normal rumen bacteria which may be attached to particulate matter with a consequently 
slower passage. The novel marker Bacillus stearothermophilus spores has been used to 
compare whole GIT retention times with Cr-EDTA; Mathers et al. (1997) found a close 
agreement between the two markers. 
 
The fluid marker polyethylene glycol (PEG) was introduced by Sperber et al. (1953) and 
Hyden (1955). Although Downes and McDonald (1964) suggested that a serious 
limitation in the use of PEG is the lack of a specific, sensitive and accurate method of 
analysis, (Knapka et al. 1967; Offer et al. 1972) suggested that it showed promise as an 
external indicator since it could be incorporated into feed without decreasing palatability 
and the analytical procedures were simple, accurate, and the recovery in the faeces was 
essentially 100%. However, when used at an average molecular weight of 4000, it was 
shown by Czerkawski and Breckenbridge (1969) to be excluded from a large proportion 
of the water in beet pulp and was precipitated when given with feeds rich in tannins (Kay 
1969). 
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Van Bruchem et al. (1981) found that, in sheep fitted with an infusion tube into the 
abomasum and with 4 T-shaped cannulas along the small intestine, flow rates of digesta 
in the jejunum and ileum determined with PEG and Cr-EDTA were comparable. 
However, recovery of PEG was significantly lower than 100% (P< 0.001). PEG was 
found to yield data of slightly lower accuracy that the chromium mordant particulate 
marker by (Van Soest et al. 1983). However, they suggested that both were still better 
than plastic pellets; and advised that plastic pellets are comparatively rigid, large 
particles, and exhibit behaviour somewhat different from that of mordanted dietary 
particles. Kaske and Endelhardt (1990) however, used PEG and plastic particles of 
differing lengths and densities to investigate selective retention of particles in the 
reticulo-rumen and in the GIT distal to the rumen of fistulated sheep. Their reason for 
using plastic particles was to study the influence of density on MRT with particles whose 
relative density did not change in the forestomach.  
 
Chromic oxide (Cr2O3) was introduced as an external indicator by Edin (1918) and has 
been used extensively to determine digestion coefficients in both ruminants and 
monogastric animals (Hardison et al. 1956; Offer et al. 1972). Knapka et al. (1967), 
Udén et al. (1980), Van Bruchem et al. (1981) and Krysl et al. (1985), however, 
identified serious shortcomings of Cr2O3  and excluded it as an external indicator due to a 
pronounced circadian variation that frequently occurred in its elimination patterns, 
different physical properties to the solid digesta fraction, analytical difficulties and 
recovery rates significantly lower than 100% (P< 0.001). This exclusion was also applied 
to markers such as powdered Brazil nuts, charcoal, rubber pieces, glass beads, cotton 
knots, seeds, ball bearings and plastic pieces (Kotb and Luckey 1972). Udén et al. (1980) 
suggested that while these solid markers yield information on relative passage, they are 
not amenable to the estimation of the absolute rates required for modelling studies. In 
addition to the question of whether they move with the fraction they are intended to label, 
they are not easily quantifiable.  
 
Warner and Stacy (1968) identified several new markers that had been developed, such as 
the 51Cr complex with ethylenediamine tetra-acetic acid (51Cr-EDTA) (Downes and 
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McDonald 1964); it occupied a larger fluid space in the rumen than PEG and absorption 
appeared to be in the same order. Downes and McDonald (1964) suggested that the 
important advantage of 51Cr-EDTA was that the analytical procedure was specific and 
highly accurate over a wide range of concentrations and that the only theoretical 
disadvantage was the slight absorption and subsequent excretion in the urine. They did 
identify, however, the usual difficulties associated with the use of any radioactive 
substance, even though 51Cr is considered to be one of the least hazardous gamma-
emitting isotopes (International Atomic Energy Agency 1958). Non-radioactive Cr-
EDTA was originally prepared by Binnerts et al. (1968). Udén et al. (1980) investigated 
cobalt-ethylenediamine tetra acetic acid (Co-EDTA) and suggested that both Co-EDTA 
and Cr-EDTA were suitable liquid markers that produced essentially similar results. 
 
Some absorption of Cr-EDTA and Co-EDTA has been noted in ruminant studies 
(Downes and McDonald 1964; Faichney 1975b; Udén et al. 1982), especially when the 
time spent in the GIT is long. Cork et al. (1999), however, suggested that this was not a 
problem when total GIT mean retention time is calculated from the time course of faecal 
elimination, because the total amount eliminated is taken to be the effective dose.  
 
Ellis et al. (1977) identified that the determination of faecal output requires either 
considerable restraint or encumbrance to the animal or, alternatively, labourious daily 
marker dosing and faecal sampling by the researcher. They proposed a single marker 
dose technique which was not only less laborious but, with particulate flow markers 
appropriately administered, could provide information on GIT fill and its turnover rate. A 
dual-phase marker system using two markers to overcome the problems of differences 
between particulate and fluid flow rates was proposed by (Faichney 1975b; 1980b). The 
dual-phase marker system was dependent on the composition of each of the two phases in 
the unrepresentative digesta sample and in the sub-sample prepared from it being the 
same as that of the corresponding phase in representative digesta (Siddons et al. 1985). 
 
Rare earth metals were suggested as alternative markers since in addition to being 
essentially indigestible by mammals (Kyker 1961; Ellis 1968) they possess strong 
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binding properties for particulate matter (Huston and Ellis 1968); these element have 
similar properties and may be uniquely qualified for use in a multiple marker system 
since they have the advantage of accurate simultaneous multi-elemental quantification 
(Allen 1982). Rare earths allow simultaneous estimation of passage measurements of 
different ingredients (Moore et al. 1990; Poore et al. 1990) or different particle sizes 
(Worrell et al. 1986; Quiroz et al. 1988). The association of rare earth metals with digesta 
particles has been shown previously by (Hartnell and Satter 1979b; Allen 1982; Teeter et 
al. 1984) who demonstrated that these metals definitively bound to feedstuff particles and 
have negligible disassociation from these particles when incubated with rumen contents. 
 
The use of rare earth metals, however, were criticised by Erdman and Smith (1985), 
Faichney (1986) and Combs et al. (1992). In contrast, Goetsch and Galyean (1983) and 
Pond et al. (1989) reported no differences when kinetic estimates for a feed were 
determined using multiple rare earths. Criticism was partially attributable to rare earths 
being sprayed onto feed stuffs and the differences in binding characteristics of the rare 
earths (Ellis et al. 1979; Allen 1982; Teeter et al. 1984 and Mader et al. 1984). The 
method of applying rare earths to feedstuffs has an important effect on the strength of 
attachment (Teeter et al. 1984; Mader et al. 1984).  
 
Naturally occurring internal markers, such as indigestible acid-detergent-fibre (IADF), 
have the obvious advantage over external markers that as integral parts of the feed there 
is no possibility of any adverse effect on the metabolic, digestive and physiological 
processes of digestion (Siddons et al. 1985). The potential of internal markers should 
therefore not be overlooked. Hunt et al. (1979) compared several internal (acid-insoluble 
ash (AIA); lignin; indigestible-acid detergent fibre (IADF) and pepsin-insoluble nitrogen 
(PIN)) and external (chromic oxide (Cr) fed twice a day and ytterbium (Yb mordanted to 
hay) pulse dosed) markers for estimating dry matter digestibility and faecal output by 
steers. Hunt et al. (1979) found that digestion coefficients were similar (P>0.05) for 
lignin, IADF and Yb compared with total faecal collections. PIN and AIA overestimated 
(P< 0.01) while Cr underestimated (P< 0.01) dry matter digestibility. 
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Penning and Johnson (1983) found that with most diets the amount of IADF eliminated in 
faeces tended to be slightly lower than that ingested and, similarly, Siddons et al. (1985) 
found the average recovery of IADF in faeces was only 96% of intake. Statistical analysis 
of the IADF-based estimates of faecal DM excretion with that determined by total 
collection, and also the comparison of the IADF-based estimates of ileal and duodenal 
DM flow with those based on Cr or Yb, suggested that IADF may be a reasonably 
reliable marker for estimating faecal output and ileal flow, but less reliable for estimating 
duodenal flow (Siddons et al. 1985).  
 
Allen (2001) suggested that plant fragments, hairs and other materials can be assayed for 
their component minerals/elements of atomic weight above carbon, by analyses with the 
scanning electron microscope using a back scatter X-ray probe. This may be of use for 
analysis of internal markers if the exact diet of the animal is known. However, further 
investigation is required to evaluate this method. 
 
1.4.2.2 Criteria for an ‘ideal marker’  
From the history of markers (Section 1.4.2.1) the need for ‘ideal’ marker criteria is 
apparent. The concept of an ‘ideal’ marker was established by (Alvarez 1950; Reid et al. 
1950) and has been built upon by numerous authors from this time. The majority of these 
criteria have been developed for foregut fermenters (namely ruminants, due to their 
economic value). 
 
Warner and Stacy (1968) considered that the requirements of a soluble marker were: 
“The marker should be non-toxic both to the animal and to its rumen microbes; it should 
not be absorbed on to either particulate matter or tissue cells, and it should be neither 
absorbed across the rumen wall nor metabolised. Adsorption, absorption and metabolism 
would lead to an overestimate of the dilution rate of the marker.” One of the criteria for 
the use of markers in nutritional studies is that they should be totally recoverable (Offer 
et al. 1972). 
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The most complete description of the criteria of an ideal marker is that of a Kotb and 
Luckey (1972): “For a substance to qualify as a marker in nutritional studies, it should: be 
inert with no toxic, physiological or psychological effect; be neither absorbed nor 
metabolised within the alimentary tract and therefore be completely recovered from 
either raw or processed food; have no appreciable bulk; mix intimately with the usual 
food and remain uniformly distributed in the digesta; have no influence on alimentary 
secretion, digestion, absorption, normal motility of the digestive tract or excretion; have 
no influence on the micro-flora of the alimentary tract which is of significance to the 
host; have qualities that allow ready, precise quantitative measurements and have 
physical-chemical properties which make it discernible throughout the digestive process.” 
Digesta markers have also been described as “substances that are indigestible and 
unabsorbed, but otherwise behave in the same way in the gut as the digesta components 
of interest” (Faichney 1975 and Warner 1981).  
 
The requirements of a marker to be ideal were summarised by (Faichney 1975b, 1993); 
1. It (the marker) must be strictly unabsorbable 
2. It must not affect or be affected by the GIT or its microbial population. 
3. It must be physically similar to or intimately associated with the material it is to 
mark. 
4. Its method of estimation in digesta samples must be specific and sensitive and it 
must not interfere with other analyses. 
 
Radioactive isotopes of metals have often been used to mark substances for ruminant 
work, but concerns regarding waste products and contamination hazards have often been 
expressed (Downes and McDonald 1964; Binnerts et al. 1968). Although the radioisotope 
technique has been highly desirable from the standpoint of accuracy and time required for 
analytical procedures, the problem of radio-contamination prohibits its use in many 
instances (Knapka et al. 1967). 
 
When dealing with native animals radioactive material is rarely appropriate since lack of 
knowledge of long-term effects and public misconception may outweigh the perceived 
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benefits of any scientific information that can be gained. A fifth requirement can 
therefore be added to the established list: 
5. It must be ‘environmentally friendly’. 
 
Although markers are widely used in the study of the nutrition of various species; they all 
have the common problem of indirect quantitation of digesta passage (Van Soest et al. 
1983; Van Soest 1994). It is important therefore that markers are continually compared 
against this list of ‘ideal marker’ criteria.  
 
The importance of reliable markers has been stressed by numerous authors (Young et al. 
1976).   (Udén et al. 1980) suggested that the requirements for markers used in rate of 
passage measurements are more critical than those for balance trials. Absolute 
measurements of passage rates of particles and liquid require recoverable markers which 
do not separate from the respective labelled fractions and the general assumption is that 
the marker is in equilibrium with the pool of the fraction that it labels (Udén et al. 1980). 
   
While no individual marker satisfies all these conditions particulate markers are generally 
less satisfactory than liquid ones (Udén et al. 1980) partly because of the problem of 
migration of the marker to particles not originally labelled (Udén et al. 1980). Van Soest 
et al. (1983) identified a major problem when using markers in that they must have the 
ability to label individual particles as ingested and observe their digestion and 
disintegration into daughter particles and their respective passage rates. If this is not the 
case, unrealistic information is gained from the markers. 
 
Therefore a major component of this study was to test assumptions made about currently 
proposed markers. “Before using marker techniques, it is essential to know the extent to 
which the chosen marker or markers fulfil the criteria of the ideal marker” (Faichney 
1975b). 
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1.4.2.3 Current markers 
Many current markers use the rare earth metals as the means of identification. Before 
current markers are discussed however, the nomenclature of ‘rare earth metals’ needs to 
be clarified as there is often confusion regarding the naming of the Lanthanide Metal 
group. This group it is often referred to as the Rare Earth Metal Group, Rare Earth 
Elements and Yttrium, Lanthanoid group or Lanthanides (Molycorp, Inc. 2000). 
 
The full term “rare earth metals” is often replaced by the shortened term “rare earths”. 
This is frequently taken to mean, erroneously, just the fifteen elements 57-71; that is, 
scandium and yttrium are not considered “rare earths”. To further demonstrate the 
confusion, thulium, although considered one of the rarest rare earth metals, is still more 
abundant than silver or bismuth (Handbook of Chemistry and Physics – 73rd Edition). All 
members of the lanthanide series are rare earth metals however, not all rare earth metals 
are in the lanthanide series (Molycorp, Inc. 2000). 
The International Union of Pure and Applied chemistry (IUPAC) is accepted world-wide 
as the arbiter in chemical nomenclature and produces rules for naming chemical 
compounds. The following collective names for groups of atoms are IUPAC approved:  
1. Lanthanoids or lanthanides (La, Ce………..Yb, Lu) 
2.  Rare earth metals (Sc, Y and the lanthanoids) 
Although [lanthanoid] means “like [lanthanum]” and so should not include [lanthanum], 
[lanthanum] has been included by common usage. The ending –ide normally indicates a 
negative ion, and therefore “lanthanoid” [is] preferred to “lanthanide”. However, owing 
to wide current use, lanthanide [is] still allowed (IUPAC). 
 
The term “rare earths” means different groupings of elements to different researchers and 
hence leads to ambiguities in indexing and in retrieval of information. It is also 
inappropriate since these elements are not rare. There is widespread acceptance of a 
collective noun – with the root lanthan – to define all the elements lanthanum to lutetium, 
atomic numbers 57 to 71 inclusive (Molycorp, Inc. 2000). Universal agreement is needed 
on the ending of this noun. The most widely accepted term of the two possibilities, 
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lanthanide and lanthanoid, is: lanthanide. Hence, from this point forward the term 
lanthanide will be used in this thesis. 
 
Three types of markers were proposed – Large particle (LP) markers, Micro-particle 
(MP) markers and Fluid markers. The LP markers were fibrous undigested particles 
extracted from rabbit faeces and ‘marked’ (Section 2.2) with either of the lanthanide 
metals europium (Eu) or ytterbium (Yb). The MPs were formalin-fixed rumen bacteria 
marked with either of the lanthanide metals dysprosium (Dy) or thulium (Tm). The fluid 
markers were either chromium (Cr) or cobalt (Co) complexed with EDTA. For each type 
of particle marker the two forms were assumed to be similar in chemical structure and 
hence similar behaviour in the GIT due to the closely associated chemical nature of the 
lanthanide metal group.  The same was assumed for Co-EDTA and Cr-EDTA due to 
previous research. 
 
One of each of the markers of the different size classes was given as a pulse dose (Yb-LP, 
Tm-MP and Co-EDTA) and the other as a continuous dose (Eu-LP, Dy-MP and Cr-
EDTA). The two modes of marker administration are expected to yield the same 
estimates of MRT if the markers are behaving close to ideal markers criteria. 
 
The continuous dose approach can provide information on compartment sizes within the 
GIT following slaughter of the animals. Because of the requirement for sacrifice of the 
experimental animal it is not suitable for protected species. However, if the pulse dose 
and the continuous dose can be shown to yield similar data, information on activity 
within the GIT may be predicted using a mathematical model and the information from 
the pulse dose without the need for slaughter. This was a major objective of the current 
study, to gain information concerning digesta passage through the GIT with less invasive 
techniques. The term ‘less invasive’ rather than ‘non-invasive’ is used as the animal still 
must be manipulated when consuming the pulse dose even when it is administered in a 
favoured food. 
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1.4.3 Animal experiments 
There were two main animal experiments; the first with rabbits and the second with 
ringtail possums. A third, smaller experiment was consequently conducted with ringtail 
possums in order to directly compare the in vivo passage of all six markers 
simultaneously through the GIT. 
 
One aim of the animal experiments was to be a least-invasive as possible, in order to 
minimise stress on the animals, especially the wild caught ringtail possums. The effect of 
stress on excretion curves has been observed by a number of authors. For example, 
Warner and Stacy (1968) found that in sheep dosed with markers the scatter of points 
about the marker disappearance curve was increased after other sheep were fed in the 
presence of a dosed sheep from which food was withheld for experimental reasons; the 
effect was presumably due to psychological stress.   
 
‘Less invasive’ techniques also reduce the dependence on surgical modification of the 
GIT. Re-entrant cannulas have been used to collect digesta from the intestine 
quantitatively (e.g. Van Bruchem et al. 1981), but they interfere with the motility of the 
intestine and obstruct digesta flow (Wenham 1979). Application of inert marker 
technologies in conjunction with mathematical modelling holds the promise of rendering 
surgical modification of the test animals unnecessary.  
 
Comprehensive animal experiments are essential for the development of compartmental 
models, since there are many variables over which the researcher has no control, the 
variables that are controllable must be understood and controlled while those not under 
control must be noted and hence added into the model to explain observations in results 
from different animals. 
 
1.4.4 Modelling of digesta passage  
The mathematical model was the third component to developing a digesta passage model 
for hindgut caecum fermenters. The outcome of the model was dependent on the results 
obtained from the animal experiments which in turn were dependent on reliable markers. 
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The modelling system used in this research was WinSAAM (Greif et al. 1998). “Ample 
evidence now exists that complex biological systems can only be progressively 
understood with the aid of mathematical models. Mathematical modelling requires an 
understanding of several disciplines: biology, computing, kinetics, mathematics and 
statistics” (Wastney et al. 1999). 
 
Compartmental models were used in this study; this type of model has been widely 
applied in the study of biological systems since these biological systems are often 
visualised in terms of pools or compartments (Wastney et al. 1999). Compartmental 
models are unique from non-compartmental or physiological models since they represent 
a system by a series of ordinary differential equations; non-compartmental models, 
conversely include all other types of equations (partial differential, algebraic and 
stochastic) (Wastney et al. 1999). 
 
A number of compartmental models have been developed to describe results from marker 
passage studies in ruminants (Balch 1950; Brandt and Thacker 1958; Grovum and 
Phillips 1973a; Faichney 1975b; Pond et al. 1989). These models attempt to provide 
mathematical descriptions of marker elimination curves that can be related to biologically 
realistic processes. The assumptions underlying most of these models is that the GIT 
consists of one or more mixing compartments in series linked by tubes (Martinez Del Rio 
et al. 1994). 
 
Both compartmental and non-compartmental models are classified as ‘non-reactor’ 
models; that is, they do not utilise chemical reactor theory (Martinez Del Rio et al. 1994). 
Chemical engineers have used chemical reactor theory to explain events occurring in 
chemical reactors. They recognised three basic types of reactors: batch reactors, 
continuous-flow stirred tank reactors (CSTR) and plug-flow reactors (PFR). Levenspeil 
(1972) suggested that chemical reactors of complex configurations can be constructed by 
setting two or more reactors in series or parallel.  
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Penry and Jumars (1987) used the principles of chemical reactor theory to formulate 
optimisation constraints in a general theory of digestion. Chemical reactor theory has 
been applied to the digestion process in order to simplify the complex array of digestive 
systems by relating gut structure to digestive function and feeding strategies across a 
wide range of body sizes (Hume and Sakaguchi 1991).   
 
Compartmental models make predictions about the general shapes of marker output 
curves in faeces that are identical to those of reactor-based models; the main difference 
between the two is the interpretation of the curves (Martinez Del Rio et al. 1994). 
Compartmental modelling deals with tubular or non-mixing sections of the gut as ‘time 
delays’ (Blaxter et al. 1956) but these tubular sections are considered as functional units 
of digestion in chemical reactor-based models. Martinez Del Rio et al. (1994) suggested 
that the treatment of tubular portions as ‘delays’ probably arose because compartmental 
modelling was first employed in studies of domesticated herbivores in which 
fermentation and digestion in mixing compartments was of prime interest and other forms 
of digestion taking place in non-mixing compartments were of secondary interest.  
 
The steps taken to build a compartmental model for digesta retention in rabbits and 
ringtail possums and the outcomes and implications of the models are discussed in 
Section 4.5.  
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1.5   Assumptions and hypotheses  
 
1.5.1 Hypotheses 
The main research hypothesis is that digesta passage in rabbits is similar to that in 
ringtail possums. This hypothesis is divided into three sub-hypotheses: 
 
1.5.1.1 Sub-hypothesis 1: That the anatomy and physiology of the rabbit 
gastrointestinal tract is similar to that of the ringtail possum  
As described in Section 1.3.3.1, the gross anatomy of the rabbit does appear to resemble 
that of the ringtail possum. Both the rabbit and ringtail possum have a greatly enlarged 
caecum, they both have a hindgut separation mechanism and both practise caecotrophy 
(Sections 1.3.3, 1.3.4 and 1.3.5).  Since laboratory rabbits are more accessible to 
‘invasive’ scientific techniques, a digesta passage model using rabbits was developed as 
an aid for the less accessible ringtail possum.  
 
Sub-hypothesis 1 was tested by anatomical observations during laboratory experiments of 
the current research and from published observations.  
 
1.5.1.2 Sub-hypothesis 2: That the behaviour of rabbits is similar to that of ringtail 
possums 
Both rabbits and ringtail possums practise caecotrophy, forage and produce hard faecal 
pellets in a circadian pattern (Section 1.3.5). Behavioural patterns such as the timing and 
frequency of caecotrophy will influence digesta flow and hence require investigation to 
determine similarities between the rabbit and ringtail possum. 
 
Three analyses were used to test the above sub-hypothesis: 1) Time series analysis 
(indicating the occurrence of an ‘event’ happening over a 24 h period from recurring 
pulses in faecal elimination curves) for both the rabbits and ringtail possums; 2) 
Observed circadian patterns for both the rabbits and ringtail possums (including 
caecotrophy behaviour and diet); and 3) Correlograms (Correlation plots, which allows 
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each pair of animals to be directly compared using faecal elimination of markers) of all 
rabbits.  
 
It was predicted that spectral density will indicate similar timing of events for the rabbits 
and ringtail possums. Circadian patterns which affect the function of the GIT should also 
be comparable and animal anatomy will also indicate animal similarities. Correlograms 
of the rabbits and ringtail possums will indicate that each rabbit/ringtail possum is similar 
in marker behaviour and hence will be able to be pooled together to increase the 
predictive power of the compartmental model. 
 
1.5.1.3 Sub-hypothesis 3: That rate of digesta passage in rabbits is similar to that 
in ringtail possums 
This hypothesis was established since faecal elimination curves, total tract MRTs, 
compartmental MRTs and GIT pool sizes were the raw data collected from the animals. 
In a ‘least-invasive’ collection from protected species, the only information available is 
likely to be from the faecal elimination curves and total tract MRTs; hence it was 
important to demonstrate that information from both species could be used in the model 
development. 
 
The sub-hypothesis was tested by the establishment of WinSAAM compartmental models 
for rabbits and ringtail possums in order to predict digesta passage through the GIT. 
 
It was predicted that data from individual animal faecal elimination curves, MRTs, 
compartmental MRTs and pool sizes could be ‘fitted’ to the WinSAAM compartmental 
models for rabbits and ringtail possums and that these would have predictive value. 
 
1.5.2 Investigation of research tools 
The term ‘research tool’ refers to markers (Section 1.4.2) and their method of analysis. 
Assumptions in their use were identified and outcomes considered before testing the 
above hypothesis and sub-hypotheses. Two marker assumptions were identified, as well 
as the assumption that method of analysis is accurate and reliable.  
 37
1.5.2.1 Marker assumption 1: That large-particles, micro-particles and fluids can 
be labelled specifically by markers (lanthanide metals, Co-EDTA and Cr-EDTA) 
This assumption was based on ‘ideal’ marker criteria 1, 2 and 5 (Section 1.4.2.2); that is, 
that the marker must be strictly unabsorbable, it must not affect or be affect by the GIT or 
its microbial population and it must be ‘environmentally friendly’. Fluids have 
successfully been marked using Cr-EDTA and Co-EDTA in numerous studies, and the 
lanthanide metals have frequently been used to mark fibrous particles fed to ruminants.  
 
Udén et al. (1980) suggested that both Co-EDTA and Cr-EDTA were suitable liquid 
markers that produced essentially similar results. The association of lanthanide metals 
with digesta particles has been shown previously. Ellis and Beever (1984) confirmed 
from previous research that lanthanide metals “applied to pulse dosed dietary particles do 
realistically simulate the dilution and turnover normally occurring for residues from all 
dietary particles from a succession of meals”. 
 
Six analyses are used to test the above assumption: 1) Observations from calculation of 
mean retention times (MRTs) from the pulse dose; 2) comparison of MRTs determined 
from pulse dose and continuous dose; 3) a particle size analysis from the whole sample of 
the marker; 4) an in vivo comparison of all six markers as a pulse dose using the ringtail 
possum; 5) qualitative and quantitative analysis from Scanning Electron Microscopy; and 
6) X-ray diffraction analysis. 
 
It was expected that the observed MRTs would be longest for the fluid markers, shorter 
for the micro-particles (although they should closely resemble the fluid marker) and 
shortest for the large-particles. Qualitative scanning electron microscopy, X-ray 
diffraction analysis and particle size analysis were used to test that the particles of each 
marker were of the specified size class and covered the particles evenly. To complete the 
study the in vivo and dose comparison of markers would indicate that regardless of 
duplicate metal or dose method used, the marker movement would be similar.  
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1.5.2.2 Marker assumption 2: That markers associate with digesta particles of the 
same size classes  
This assumption was established from the third criteria of an ‘ideal marker’, that the 
marker “must be physically similar to or intimately associated with the material it is to 
mark” Faichney (1993). If the markers do not closely associate with the material in the 
digesta they are to mark, results will be of little value.  
 
Three analyses are used to test the above assumption: 1) Observations from faecal 
elimination curves from the GIT of the rabbits and ringtail possum; 2) a comparison of 
density of markers and digesta components; and 3) a hydrolysis experiment (marker 
interactions in vitro). 
 
It was predicted that the observed faecal elimination curves would be unique for each 
marker, but that the fluids and micro-particles should be similar while the large-particle 
marker would differ. The densities of the markers were predicted to be similar to those of 
the digesta they mark, and there should be no indication of markers outside the expected 
size class in the hydrolysis experiment. 
 
1.5.2.3 Method of analysis assumption: That the method of analysis of the 
lanthanide metals in faeces and digesta samples is accurate and reliable 
This assumption is based on the fourth ‘ideal marker’ criterion; the method of estimation 
in digesta samples must be specific and sensitive and it must not interfere with other 
analyses (Faichney 1993). 
 
Two analyses were used to test the above assumption: 1) Establishment of a standard 
curve of expected and observed concentrations; and 2) comparison of ‘old’ and ‘new’ 
inductively coupled plasma mass spectrometry (ICP-MS) machines.  
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1.6    Expected outcomes 
The expected outcome from this study was that the laboratory rabbit would be a suitable 
model for studies of digesta passage in the ringtail possum because of similar GIT 
anatomy and physiology. 
 
If the digesta passage model developed from data collected from rabbits in vivo and post 
mortem is predictive, information on digesta passage in the ringtail possum should be 
obtainable without the need for collection of total GITs.  
 
If achieved, the expected outcome has positive implications for other folivorous hindgut 
fermenting marsupials (in particular, the greater glider (Petauroides volans) and the koala 
(Phascolarctos cinereus)), where invasive procedures are not an option because of the 
protected status of the species.   
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CHAPTER 2      
METHODS – ANIMAL EXPERIMENTS 
 
 
2.1  Introduction 
This chapter describes the procedures used to produce a digesta passage model for 
laboratory rabbits (Oryctolagus cuniculus) and ringtail possums (Pseudocheirus 
peregrinus).  Initially, markers were manufactured (Section 2.2), which were then used in 
animal experiments and, finally, data from the passage of marker through the 
gastrointestinal tracts (GITs) of the animals were analysed.  
 
 
2.2  Marker Preparation 
Three types of markers; large-particle markers, micro-particle markers and fluid markers, 
were used (Table 2.1). Each type of marker was administered either as a ‘pulse’ dose or a 
‘continuous’ dose. The pulse dose was administered to the animal either by tube into the 
stomach (rabbits) or with food, provided that it was consumed within 15 – 20 min. The 
continuous dose was administered to the animals in their food over a recorded 
experimental period of 18 – 20 days.  
 
Table 2.1 Summary of the three marker types, including the two modes of administration 
and the metals used. 
Marker Type Large-particle (LP) 
710 – 1000µm 
Micro-particle (MP) 
0.2 – 20 µm 
Fluid (F) 
Admin type Pulse Continuous Pulse Continuous Pulse Continuous 
Marker/Metal Ytterbium Europium Thulium Dysprosium Cobalt Chromium 
Name (id) Yb-LP Eu-LP Tm-MP Dy-MP Co-EDTA Cr-EDTA 
 
In these experiments the pulse dose and the continuous dose were used for comparative 
measures. It was anticipated that calculated mean retention times would be the same 
regardless of administration mode.  
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Digesta markers used consisted of two components: a biological material which 
resembled ‘normal’ digesta particles and a metal not commonly found in the GIT of 
mammals which is readily assayed. In this study, lanthanide metals were used because 
they have been found to be indigestible in mammalian digestive systems (Garner et al. 
1960; Kyker 1961; Ellis and Huston 1968) and hence would be assumed to not naturally 
occur in the GITs of rabbits or ringtail possums.  
 
2.2.1 Large-Particle markers 
Europium (Eu-LP) and Ytterbium (Yb-LP) 
Marked @ 50mg metal/ g fibrous particles 
2.2.1.1 Collection of raw material 
The method used to collect raw material for the large particle (LP) marker was described 
by Mambrini (1990). 
 
Fresh rabbit faeces were dispersed in a large volume of water and strained though 
Terylene cloth (150 – 200 µm mesh size).  The residue was then suspended in sodium 
lauryl sulphate solution (3% Na lauryl sulphate in 0.1M phosphate buffer at pH 7 
(Appendix 1)) in a 5L flask. After bringing to boil and refluxing for one hour, the flask 
was covered to avoid evaporative losses. The residue was cooled and strained through the 
Terylene cloth and washed copiously with filtered water to remove any residual 
phosphate. The residue, again suspended in water, was applied to a wet-sieving apparatus 
fitted with sieve sizes 1000µm, 710µm and 550µm (Figure 2.1). Only particles remaining 
on the 710µm sieve were kept as large particles. These 710µm to 1000µm undigested 
fibrous particles were oven dried at 40 - 50ºC (G. Faichney, personal communication).  
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Figure 2.1 Diagrammatic representation of wet sieving technique used for collection of 
large particles used for the large-particle marker. Each of the sieves are stacked on top of 
the smaller sieve size and agitated by hand while being held under running water which 
allows individual particles to fall to their largest dimension which is when they are lying 
flat against the grid. Their smallest dimension is when they are perpendicular to the grid, 
hence particle size within a specified sieve will be defined by a range of size classes 
depending on how the particles have landed on the grid. 
 
2.2.1.2 Attachment of metal to raw material 
The method of attachment was the “Transfer Ligand System” (Ellis and Beever 1984) 
modified by Mambrini (1990). All Lanthanide metals were purchased from Merck Pty 
Ltd (207 Colchester Rd, Kilsyth, Victoria, Australia).  
 
The following procedure was used to produce two large-particle markers; first for Eu and 
repeated for Yb. Particles were soaked for an average of 36 h (24 – 48 h) in 5 – 10 ml of 
0.01M acetic acid (pH 3.4) containing 50mg lanthanide metal as the acetate salt per g 
CWC.DM (Cell Wall Constituents/ Dry Matter). Particles were then strained and soaked 
for 2 – 6 h in 10ml 0.1M acetic acid per g CWC.DM which removed weakly bound metal 
from the fibrous particles (Ellis and Beever 1984). After washing with copious quantities 
                                  1000 um
550 um
                                    710 um
                                 Discarded
 
Fibrous particles refluxed 
from hard pellets produced 
by laboratory rabbits 
Washed with copious  
amounts of water 
Only fibrous particles 
remaining on this sieve size 
(710um) were retained for 
‘large-particle’ markers. 
Representative of round 
sieves (approximate 20 cm 
diameter with metal gird 
bottom of designated pore 
size. 
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of water to remove any unbound metal from the sample; the markers were stored wet at 
4ºC. Plate 2.1 shows the end product of large particle (LP) markers.  
 
 
Plate 2.1 The fibrous particle markers, Eu-LP and Yb-LP. 
 
2.2.2 Micro particle markers 
Dysprosium (Dy-MP), Thulium (Tm-MP)  
Marked @ 50mg metal/ g bacteria and Bacillus stearothermophilus spores 
2.2.2.1 Collection of raw material 
Rumen bacteria were collected from 10 rumen-cannulated sheep housed at CSIRO 
Prospect, NSW. These sheep were fed a milled and pelleted mix of 60% lucerne 
(Medicago sativa) chopped hay and 40% oaten grain ad libitum. Each sheep consumed 
800 – 1000g DM/day. Approximately 15 litres of rumen fluid was collected from the 
rumen via a fistula and transferred to the University of Sydney where, following the 
procedure of Mambrini (1990) (below), the bacteria were strained from the fluid.   
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The liquid component of the rumen fluid was first separated from the fibrous particles by 
straining fluid through Terylene cloth. The fibrous particles were discarded. The strained 
rumen fluid was centrifuged for 2 min at 1000 RPM and the pellet discarded. The 
supernatant was subsequently held at 4ºC overnight and the following day centrifuged 
using an ultracentrifuge at 12,000 RPM for 30 min at 6ºC.  The resultant supernatant was 
discarded and the pellet washed with physiological saline (0.9% NaCl) solution. The 
pellet was retained in formaldehyde : physiological (1:3) saline solution for 48 h with 
occasional agitation then centrifuged at 13,000 RPM for 30 min at 6ºC. The supernatant 
was again discarded and the pellet (fixed rumen bacteria) was washed thoroughly using 
low speed centrifuging and distilled water then stored at 4ºC.  
 
2.2.2.2 Attachment of metal to raw material 
The method of attachment used for the micro-particles was the same as that used for the 
large particles; the “Transfer Ligand System” (Ellis and Beever 1984) as modified by 
Mambrini (1990). 
 
Two types of micro-particle markers were made, one with dysprosium (Dy) and the other 
with thulium (Tm) at a ratio of 50mg metal per g dry formalin-fixed rumen bacteria. The 
following procedure was then used for Dy and repeated for Tm.  
 
Micro-particles were soaked for an average of 36 h (24 – 48 h) in 5 – 10 ml of 0.01M 
acetic acid (pH 3.4), containing 50mg rare earth metal as acetate per g CWC.DM 
(Bacterial Cell Wall Constituents/ Dry Matter).  Particles were then strained and soaked 
for an average of 4 h (2 – 6 h) in 10ml 0.1M acetic acid per g CWC.DM to remove 
weakly bound lanthanide metal (Ellis and Beever 1984), and then washed with copious 
quantities of water. Following this, the markers were stored wet at 4ºC. Plate 2.2 shows 
the end product of micro-particle (MP) markers.  
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Plate 2.2 The formalin-fixed rumen bacteria micro-particle markers, Dy-MP and Tm-
MP. 
 
2.2.2.3 Bacillus stearothermophilus spores 
These spores were used by Mathers (1997) to compare mean retention times with Cr-
EDTA a solute marker. In the current experiment the spores were used as another micro-
particle marker for comparison with Dy-MP and Tm-MP. 
 
Bacillus stearothermophilus spores were purchased as two packages containing 5 
ampoules of 2ml of spores in solution from Diagnostica MERCK® (Merck KGaA, 64271 
Darmstadt, Germany).  They were stored at 4ºC until being administered as part of the 
pulse dose in the rabbit experiment conducted in 1999. 
 
2.2.3 Fluid markers 
Cobalt (Co-EDTA) and Chromium (Cr-EDTA) 
2.2.3.1 Collection of raw material 
As fluid markers, cobalt complexed with ethylenediamine tetra-acetic acid (Co-EDTA) 
and chromium complexed with ethylenediamine tetra-acetic acid (Cr-EDTA) were not 
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attached to any biological material, although it is important to note that they readily 
dissolved in water. 
 
2.2.3.2 Marker preparation 
Preparation of Cr-EDTA stock solution was based on the method of Binnerts et al (1968); 
7.1g of CrCl3.6H2O was weighed into a 500ml Erlenmeyer flask and dissolved in 100ml 
distilled water. Ten grams of EDTA was dissolved in 150ml distilled water and mixed 
into the chromium chloride (CrCl3) solution. The solution was then heated to boiling and 
maintained in this state for 1 hour. The appearance of a violet colouration indicated 
formation of the complex. Two ml of 1M CaCl2 was added to neutralise excess EDTA, 
the pH was adjusted to between 6 and 7 with 4N NaOH, and the solution made up to 1L 
with distilled water.  
 
Co-EDTA was purchased as cobalt disodium ethylenediamine tetra-acetate tetra-hydrate 
C10H12N2O8CoNa2.4H2O = 465.19 (MW Co = 58.933) from Dojindo Dotite™, Japan, and 
was added directly to the pulse dose without further preparation. 
 
 
2.3  Rabbit Experiment (1999)     
2.3.1 Animals 
Seven non-lactating, non-pregnant female New-Zealand White rabbits (body mass 3.0 – 
5.6 kg) were purchased from a commercial source (Perth, WA). Being laboratory animals 
the settling in phase was rapid as the animals were accustomed to being handled, unlike 
wild rabbits which require habituation for a number of weeks before experimental work 
can begin (I.D. Hume, personal communication). 
 
2.3.2 Housing of Animals 
The rabbits were housed individually in stainless-steel mesh metabolism cages (45cm 
high x 60cm x 60cm) (Figure 2.2). The metabolism cages allowed faeces and urine to be 
collected separately, as well as allowing food intake to be measured. Faeces and food 
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residues were collected from the mesh screen at the top of the funnel, while urine ran 
through the mesh, down the funnel and into the collection bottle. During the experiments, 
the animals were held at a temperature of 18 - 20°C and a light-dark regime of 12h:12h 
with lights on automatically at 0600 h.  
 
2.3.3 Diets and Routine procedures 
The diet consisted of pelleted lucerne leaf meal donated by “Coprice Feeds”™, Leeton, 
NSW. The meal was pelleted to a size of 1.5cm by 0.5cm diameter at the University of 
Sydney Farms, Camden, NSW.   
 
Table 2.2 The components of the fresh meal determined by Agritech (Agricultural, 
Environmental & Food Analysts) Laboratory Services Pty. Ltd, Narrandera, NSW. 
Batch: 022038-2     Date 03.10.97 Sample Lucerne 
Test Identity 
Moisture % 
 
17.1 
 
Protein % 
Dry Basis 
23.2  
Neutral Detergent Fibre % 33.0  
Acid Detergent Fibre % 24.4  
 
2.3.3.1 Pre-experimental period 
The animals were fed daily at 1200 h and food consumption measured (by subtraction of 
the amount of food remaining from the amount of food offered). Between experiments 
the pelleted diet was supplemented with fresh seasonally available vegetables and fruit. 
Water was provided ad libitum. Daily “blank” (or pre-experimental) faeces were 
collected from all rabbits and combined.  “Blank” urine was also collected (Figure 2.2) 
for analysis of background levels of the six metals used as markers. The cages were 
cleaned every second day while the rabbits were allowed to run on the floor for exercise 
and to prevent sore feet from the metal mesh cage floors. The rabbits were weighed 
weekly and their health status checked.  
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Figure 2.2 Metabolism cage used for rabbit experiment. The metabolism cages allowed 
faeces and urine to be collected separately. Faeces and food residues were collected from 
the mesh screen at the top of the funnel, while 2. Urine ran through the mesh, down the 
funnel and into the collection bottle. 
 
2.3.3.2 Experimental period  
This period lasted for 21 days. Fresh food (containing the continuous dose) was offered 
daily at 1200 h as in the pre-experimental period, with feed consumption again being 
measured. No supplements were given, and water was provided ad libitum.  Following 
marker administration (pulse dose), faeces were collected 2 hourly for the first 48 h, 4 
hourly for the second 48 h and for the rest of the three week period on a 6 hourly basis. 
Urine was collected once a day and a 10% sample was removed for analysis. The screens 
and funnels below the cages were cleaned daily throughout the 21 day period, but the 
animals were kept within their cages during the experimental period. Rabbits were 
weighed weekly and again checked for health status. 
 
 
 
Rabbit in metabolism cage 
with wire bottom, which 
allows hard faecal pellets and 
urine to fall through
1. Mesh screen where hard 
pellets cannot pass (brown 
dots) but urine (yellow 
arrow) can pass through to 
the funnel.
2. Urine collection bottle, placed 
at the base of the funnel to 
collect urine 24 h samples
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2.3.4 Administration of Dose  
2.3.4.1 Pulse dose   
The dosing equipment consisted of plastic tubing (external diameter 8.3mm, internal 
diameter 5.2mm from Admiral Medical Supplies Pty Ltd) which had been cut into 40cm 
lengths (one per dose) plus a 25ml syringe, lubricant, and sedative. For small rabbits 
(<400g body mass) the sedative dose was 20mg Ketamine and 1.5mg Midazolam. For 
large rabbits (>400g body mass) the dose was 25mg Ketamine and 2.5mg Midazolam 
(Plate 2.3). Ketamine is a dissociative anaesthetic while Midazolam is a sedative and also 
a centrally acting muscle relaxant. At the doses used, the animals were conscious and had 
intact swallowing reflexes but were “disassociated”, meaning they could not react 
physically to stimulus. This facilitated passage of a tube down the oesophagus into the 
stomach. 
 
 
Plate 2.3 Equipment for pulse dosing of rabbits: A. Sedated rabbit, able to swallow, but 
unable to move; B. The 25ml syringe contained approximately 0.3g Co-EDTA diluted in 
15ml H2O; C. The plastic tubing containing 4.4g mix of Yb-marked large particles (LPs), 
Tm-marked bacteria or micro particles (MPs) and Bacillus stearothermophilus spores; 
and D. Lubricant was used to facilitate passage of the tube down the oesophagus. 
 
Once sedated (10 – 15 min after administration of the drugs), the tube with the Yb-
marked LP, Tm-marked MP and Bacillus stearothermophilus spores was passed down 
the oesophagus to the stomach, and the syringe containing 10 ml Co-EDTA solution was 
A 
D
C
B
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flushed down the tube, washing all contents directly into the stomach. Although 
successful, this method of dosing was disruptive; the animals did not return to normal 
eating/defaecating patterns for 6 - 12 h after the procedure.  
 
2.3.4.2 Continuous dose 
The continuous dose consisted of the markers Eu, Dy and Cr incorporated into the 
lucerne meal used as the pre-experimental diet. The marked diet was then the sole diet for 
the entire experimental period.  
 
A 40kg batch of the diet with the markers included was prepared with 2 L Cr-EDTA 
solution, 1727 g wet Eu-LP and 579 g wet Dy-MP. The markers were mixed by hand into 
the lucerne leaf meal, then the complete mix was machined into pellets approximately 1.5 
cm by 0.5 cm diameter. 
 
2.3.5 Collection of Rate of Passage Data 
Hard faecal pellets, urine and food refusals were collected daily throughout the collection 
period. Food refusals and hence marker intake were recorded daily. Ten percent aliquots 
from the total daily urine collection were stored in labelled bottles below 4°C.  One 
percent acetic acid was added as a preservative. 
 
Faecal collection screens were checked, and any faeces present were collected, at regular 
intervals. Individual faecal collections from each rabbit were sealed in plastic bags, 
weighed and labelled with date and time and placed directly in an oven (40 - 50°C) for 
approximately 1 week. Once dry, the individual faecal samples were weighed and dry 
matter content determined. They were then ground in a Tecator Cemotec 1090 Sample 
Mill to particle size <0.1mm. These particles were stored in a dry environment in sealed 
plastic bags (in the air conditioned laboratory) until preparation for Inductively Coupled 
Plasma Mass Spectrometry (ICP-MS).  
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2.3.6 Collection of Gastrointestinal Tract (GIT) Data 
During the final 24 h of the experiment, one rabbit was killed every 4 h using a lethal 
injection of Lethabarb (1 ml/ 2kg BM) into the major ear vein after recording the 
animal’s final live mass. Table 2.3 details time of GIT collection for each rabbit in 
relation to time after pulse dose was administered  
 
Table 2.3 Collection times of rabbit GIT data. 
Rabbit  Date/Time of GIT collection Time (h) after dose 
1 29.09.99 at 12:00h 450  
9 29.09.99 at 16:00h 456 
3 29.09.99 at 20:00h 468 
10 29.09.99 at 24:00h 462 
11 30.09.99 at 04:00h 466 
7 30.09.99 at 08:00h 463.5 
8 30.09.99 at 12:00h 477.5 
 
The abdominal cavity was opened with a midline incision and the entire GIT was tied off 
at the oesophagus, just proximal to the stomach and again at the rectum, then removed 
from the carcass. 
 
The GIT was weighed and divided into five sections: stomach, small intestine, caecum, 
proximal colon and distal colon. Each GIT section was weighed, the contents removed, a 
sample of the contents taken, and the section washed thoroughly, dried with paper towel 
and reweighed to determine the mass of contents. A sub-sample from each sample 
collected from the GIT was labelled and dried at 40 - 50ºC for at least one week. The 
remainder of the sample was stored in individual plastic sample containers at 4ºC for 
further analyses. Dried GIT samples were ground mechanically as the faecal samples 
(Section 2.3.5) to < 0.1mm powder, and stored in airtight plastic containers ready for 
preparation for analysis by ICP-MS. 
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2.4  Ringtail Possum Experiment (2000)     
2.4.1 Animals 
Preparation for collection of the ringtail possums began a year and a half before the 
animals were collected; this included building nest boxes and establishing preferred 
nesting sites of the animals. To minimise potential stress effects on animal condition, 
physiology and behaviour the animals were collected as ‘least-invasively’ as possible, 
and human contact was minimised at all times.  
 
The possums were collected from natural bushland in the Eraring Scientific Area near 
Newcastle, NSW. Wooden nest boxes were attached to trees in areas that ringtails had 
been located during spot-lighting surveys. Seven possums (body mass from 555g to 
869g) were collected directly from the nest boxes during daylight hours (the possums’ 
resting period). Occupation of nest boxes was confirmed by checking during daylight 
hours at intervals of 2 – 3 weeks over a period of 18 months. Collection of possums 
involved checking the occupation of the nest box as usual, and, if a possum was present, 
the box was taken off the tree and placed in a hessian bag, secured and transported to the 
Native Animal House at the University of Sydney in an air-conditioned vehicle. 
 
2.4.2 Housing of animals 
The possums were housed individually in the same metabolism cages used previously for 
the rabbits (Section 2.3.2). To minimise stress effects the metabolism cages were covered 
with hessian to provide greater security for the animals. A water container was attached 
to the outside of each cage door to hold small Eucalyptus branches in order to keep them 
hydrated over the 12-hour dark period. Each cage contained a nest box of plastic pipe 
(40cm long and 15cm diameter) suspended from the top of the cage, and three horizontal 
perches for the animals to climb and move around on. The nest box could be removed for 
weighing of the animal during daylight hours, thus, there was no direct handling of the 
possums. Three food dishes were attached to the inside wall of the cage; one for fruit 
supplements, one for water and one for dose administration. Plate 2.4 shows the features 
of the metabolism cage set up for the ringtail possum experiment.  
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Plate 2.4 Metabolism cage set up for the ringtail possum experiment: A water container 
attached to the cage door for the hydration of eucalyptus branches; B cylindrical removal 
nest box; C removable feed dish; and D perches for the possums to move around on. 
 
Animal room conditions were held between 18 and 20°C and the light: dark regime was 
12h:12h with lights on automatically at 0600 h, as in the rabbit experiment.  
2.4.3 Diets and Routine procedures 
Leaves of Eucalyptus punctata (Grey Gum) and Eucalyptus haemastoma (Scribbly Gum) 
were initially collected from the same source as the possums, the Eraring Scientific Area, 
but leaves from these species were not accepted by the possums. Subsequently, the diet 
consisted of E. haemastoma and E. punctata leaves collected from Manly Dam Reserve 
(Manly Warringah War Memorial Park), Manly Vale, NSW. Even within Manly Dam 
Reserve not all of these two species was eaten. The most favoured foliage was from one 
E. haemastoma tree on a site down slope from an irrigated golf course. 
 
A 
B
D
C 
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The general composition of Eucalyptus punctata foliage as determined by the method of 
Cork and Sanson (1990) was found to be low in ash, crude protein and available 
carbohydrates, but high in lipid (including terpenes and other lipophilic plant secondary 
metabolites) and phenolic compounds, including lignin.  
 
2.4.3.1 Pre-experimental period 
During the pre-experiment period which was approximately 14days, fresh Eucalyptus 
foliage was presented daily at 1730 h, together with seasonally available vegetables and 
fruit (apple, orange, carrot, sweet potato and corn) (Taroonga Zoo, Sydney NSW and 
W.J. Foley, personal communication). Water was provided ad libitum with glucose added 
at a rate of 10% in the first few days of this period to ensure that energy levels of the 
possums were maintained if they did not eat the offered foliage. To familiarise the 
possums with eating the doses (both pulse and continuous) a small amount of banana was 
mashed with honey or condensed milk and given as blank doses in the dose 
administration dish from time to time throughout the pre-experimental period. This 
mixture was consumed quickly whenever it was offered. 
 
Daily records were kept of food consumption in order to discern patterns of increasing or 
decreasing leaf consumption over time. However, due to the nature of the Eucalyptus 
foliage quantitative measurement of leaf consumption was difficult, and a visual scoring 
system was used (scale of 1 to 5). Supplements not eaten were also recorded. Daily 
‘blank’ faeces and urine were collected prior to dosing with the markers and stored 
separately for each animal, as for the rabbits; these were later analysed for background 
levels of the six metals used as markers. The faecal collection screens and urine funnels 
were washed daily to avoid residue build up. On a weekly basis, during the light period, 
possum weights were recorded by removing the nest box and weighing both the box and 
the animal. Health status was checked daily using torch light as they foraged during the 
dark period. 
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2.4.3.2 Experimental period 
This period was of 18 days duration. Daily feeding and watering regimes and records of 
food consumption patterns remained the same as in the pre-experimental period, except 
that the markers were added to the dosing mix. Collection screens were inspected and any 
faeces present were collected on a 2 hourly basis for the first 48 h, 4 hourly for the 
second 48 h and for the rest of the experimental period on a 6 hourly basis. Urine output 
was measured daily and a 10% sample retained from each animal. Cages, faecal screens 
and urine funnels were cleaned daily. Possums were weighed and health status checked 
weekly. 
 
2.4.4 Administration of Dose 
2.4.4.1 Pulse dose 
The pulse dose was made as a batch containing 7ml Tm-MP (1ml/possum), 14g Yb-LP 
(2g/possum) and 0.35g Co-EDTA (0.05g/possum). These were mixed manually and 
added to the dosing mix and divided among the seven possums according to amounts of 
the mixture consumed during the pre-experimental period. Plate 2.5 shows the dosing 
mix being eaten quickly (5 – 10 min) by one of the possums. Table 2.4 shows the time 
taken and the amounts of the marker dose consumed by each of the possums. Any of the 
dosing mix not eaten in the first visit to the bowl (that is, after the possum had started 
eating and stopped, moving away from the feed bowl) was immediately removed and 
weighed to determine the amount of dosing mix consumed.  
 
2.4.4.2 Continuous dose 
The continuous dose mix was administered using the same procedure as for the pulse 
dose, but it was offered twice daily (at 18.00 h and 24.00 h) and left in the bowl for the 
dark (foraging) phase of each day for 14 days. A continuous dose batch was prepared 
daily and divided equally among the seven possums. The total dose batch contained: 14g 
Eu-LP (2g/RTP), 10.5g Dy-MP (1.5g/RTP) and 3.5ml Cr-EDTA (0.5ml/RTP). These 
markers were mixed with 100g dosing mix and divided into 14 doses, two for each 
possum, one for 18.00 h, the other for 24.00h. 
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Plate 2.5 The dosing mix was eaten quickly (5 – 10 min) by the possums and thus 
provided an ideal means for administration of the pulse dose. 
 
 
 
Table 2.4 Details from pulse dosing of the ringtail possums. 
Possum 
number 
Time 
consumed (h) 
Time taken 
to consume 
dose 
(min) 
Amount 
offered (g) 
Amount left 
(g) 
Actual marker 
dose  consumed 
(g) 
1 2300 – 2310 10 20.33 4.83 15.50 
2 1930 – 1935 5 13.90 1.51 12.39 
3 1730 – 1735 5 22.68 0.00 22.68 
4 1815 – 1820 5 17.42 0.00 17.42 
5 2300 – 2310 10 15.97 4.53 11.44 
6 1830 -1835 5 22.44 0.00 22.44 
7 1815 – 1825 10 19.86 0.00 19.86 
 
 
 
 
 57
2.4.5 Collection of Rate of Passage Data 
Hard faecal pellets, urine and dose refusals were collected daily throughout the collection 
period. Plate 2.6 shows a faecal collection screen, with left over food (which was 
recorded and discarded) and hard pellets which were collected and weighed. 
 
 
Plate 2.6 A faecal collection screen, with left over food (       ) (which was recorded and 
discarded) and hard pellets (       ) which were collected and weighed. 
 
The amount of continuous dose mix offered and refused was recorded daily.  Samples 
(10%) from the total daily urine collection were taken and stored in labelled bottles below 
4°C with one percent acetic acid to aid preservation. Faecal collection screens were 
checked and any faeces present were collected, at the time intervals (Section 2.4.3.2).  
 
Each individual faecal collection was sealed in a plastic bag and labelled with date and 
time and oven dried at 40 - 50°C for 1 week. The samples were weighed dry, ground in a 
Tecator Cemotec 1090 Sample Mill to particle size <0.1mm, then stored in sealed  plastic 
bags in a dry environment for preparation for ICP-MS. 
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2.4.6 Collection of Gastrointestinal Tract (GIT) Data 
During the final 24 h of the experiment, after recording final live mass, the possums were 
anaesthetised using isoflurane gas (Isoflo™ [Inhalation anaesthetic 100% Isoflurane] 
Abbott Australasia Pty Ltd, Kurnell NSW) then killed at regular intervals (Table 2.5) 
using a lethal injection of Lethabarb (1 ml/ 2kg) directly into the heart.  
 
Table 2.5 Collection intervals of ringtail possum GITs. 
Possum Date/Time of GIT collection 
1 12.07.00 at 19:00h 
2 12.07.00 at 23:00h 
3 13.07.00 at 03:00h 
4 13.07.00 at 07:00h 
5 13.07.00 at 11:00h 
6 Released (carrying pouch young) 
7 13.07.00 at 15:00h 
 
The abdominal cavity was opened (Plate 2.7) with a midline incision and the entire GIT 
was tied off at the oesophagus just proximal to the stomach and at the rectum, and then 
removed from the carcass.  
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Plate 2.7 Abdominal cavity of the common ringtail possum exposed, prior to removal. 
Note the prominent, strongly haustrated caecum.  
 
 
 
 
Small Intestine 
Stomach 
Caecum 
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The GITs were treated in the same way as those of the rabbits (Section 2.3.6), i.e. 
weighed, and then divided into five sections (stomach, small intestine, caecum, proximal 
colon and distal colon). Sub-samples of the contents were then dried, ground in a Tecator 
Cemotec 1090 Sample Mill to particle size <0.1mm powder, and stored ready for 
preparation for analysis by ICP-MS. 
 
 
2.5 Data Analysis     
2.5.1 Introduction 
Estimation of metals by atomic absorption spectroscopy is reportedly rapid and accurate 
and levels as low as 1mg of Cr per litre and lower can be determined (Binnerts et al. 
1968). Consequently, Flame Atomic Absorption spectroscopy (FAA) was initially used to 
determine the concentrations of metals in faecal samples. However, this method lacked 
the sensitivity needed to detect the lanthanide metals accurately and proved to be 
unreliable and laborious since each sample had to be analysed six times to assay the six 
metals it contained. Inductively coupled plasma mass spectrometry (ICP-MS) therefore 
replaced FAA. With ICP-MS all six elements could be determined within a few seconds. 
 
2.5.2 Methods – preparation of samples 
2.5.2.1 Digestion of samples for ICP-MS 
The digestion process used for analysis of all faecal, urine and GIT samples was as 
follows: 0.5g of dried/ground faecal or GIT sample, or 2ml urine sample was placed into 
a digestion tube, then 5ml concentrated nitric acid (HNO3) and 1ml hydrogen peroxide 
(H2O2) were added. Ten digestion tubes were inserted into the rotor body of a microwave 
digestion system (MLS-1200 Mega Microwave Digestion System with MDR 
Technology). The rotor body was then inserted into the microwave and set to Program 
ONE (for organic samples for fast exothermic reactions). The five steps involved in this 
program were:  
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1. 250W un-pulsed power for 1 min (to start smooth oxidation of organic matter)  
2. 0W for 2 min (reaction must proceed without addition of energy to avoid 
potentially dangerous run –away temperatures and over-pressures) 
3. The 250W unpulsed power step completed the “soft” oxidation of the organic 
compounds 
4.  400 W for 5 min and 
5. 600W for 5 min. For steps 4 and 5, higher power was applied to complete the 
oxidation, according to the type of sample. 
Once the program was complete, the rotor body was removed and cooled in a running 
water bath for 30 min. The digestion tubes were removed and the resultant solution 
diluted to 25ml with distilled water and filtered into 25ml storage containers. Each 
sample was labelled and stored at room temperature, ready for analysis by ICP-MS. 
 
2.5.2.2 Inductively Coupled Plasma Mass Spectrometry 
ICP-MS offers three main benefits over other similar analysis methods for trace metal 
determinations: First, it offers detection limits equal to or better than those attainable 
using Graphite Furnace Atomic Absorption (GFAA), with much higher productivity. 
Second, it can handle complex sample matrixes with less interference than flame and 
furnace Atomic Absorption Spectroscopy (AAS). Third, it has detection limits that are far 
superior to those obtained in Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES) (Technical information from PerkinElmerSciex™ Instruments).  
 
ICP-MS machines in the Biochemistry Unit at the Royal Prince Alfred Hospital, 
Camperdown, NSW (operator Robert McQuilty) and at the Chemistry Department, 
University of New South Wales (operator Richard Finlayson) were used in these 
analyses. Raw data (µg/L) were collected from ICP-MS record sheets and entered into 
Microsoft Excel spreadsheets where the numbers were converted to µg metal per g dry 
sample and were ready to be used in the statistical program STATA and computer 
modelling program WinSAAM. 
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2.5.3 Bacillus stearothermophilus spore counting 
Bacillus stearothermophilus is a heat-resistant, spore-forming organism used as a 
biological indicator for the assessment of heat sterilisation processes since it will only 
sporulate when heated to 65ºC.  
 
In this research B. stearothermophilus was used as an alternative micro particle marker to 
Tm-MP and Dy-MP. Nutrient Agar (From Amyl Media™) plates were poured using 
aseptic technique. This involved the dispersion of 26g of Agar powder into 1L distilled 
water, then sterilising by autoclaving at 121ºC for 15 min and mixing thoroughly while 
hot. This liquid was dispensed (20ml into each disposable plate) and cooled at 20ºC for 
1.5 h. Plates were stored for a maximum of 3 months at 4ºC in sterile bags.  To germinate 
Bacillus stearothermophilus spores (BSS); 0.1g ground faecal sample was weighed and 
diluted in 8ml distilled water; Agar plate were streaked using microbial methods (approx 
0.1ml sample) giving between 30 – 300 spores; Plates were germinated at 65ºC for 18 h, 
allowed to cool and B. stearothermophilus spores counted. B. stearothermophilus are 
characteristically variable in size, ellipsoidal in shape and spore walls are thick and easily 
stained (Mathers et al. 1997). 
 
Due to problems in cultivation and data which showed no significant trends, this method 
was discontinued after the first attempt with the rabbits in 1999. 
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CHAPTER 3      
                  MARKER INVESTIGATION 
 
 
3.1   Introduction 
The first area of the proposed research identified as problematic was that of the digesta 
markers. Digesta markers are an essential tool when modelling the gastrointestinal tract 
(GIT) but a number of assumptions were inherent in the use of the proposed markers and 
their analysis (Section 1.5.2). This chapter considers these assumptions and describes the 
experiments used to test each. The implications of the findings of this study, in 
conjunction with published research, are discussed with regard to the problems identified 
with the proposed markers, the implication these flaws have on the proposed digesta 
passage model and suggestions for marker improvement.  
 
 
3.2  Marker assumption 1 
That large-particles, micro-particles and fluids can be labelled specifically by 
markers (lanthanide metals, Co-EDTA and Cr-EDTA). 
 
3.2.1 Introduction 
This assumption was based on ‘ideal’ marker criteria 1, 2 and 5 (Section 1.4.2.2); that is, 
that the marker must be strictly unabsorbable, it must not affect or be affected by the GIT 
or its microbial population, and it must be ‘environmentally friendly’. As introduced in 
Chapter 1, fluids have successfully been marked using Cr-EDTA and Co-EDTA in 
numerous studies, and the lanthanide metals have frequently been used to mark fibrous 
particles in ruminant studies.  
 
Six analyses were used to test the above assumption: 1) calculation of mean retention 
times (MRTs) from the pulse dose of the markers; 2) a particle size analysis from the 
whole marker sample; 3) a hydrolysis experiment (marker interactions in vitro); 4) 
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qualitative and quantitative analysis from Scanning Electron Microscopy (SEM); 5) an in 
vivo comparison of all six markers as a pulse dose using the ringtail possum; and 6) X-ray 
diffraction analysis. Each is described in terms of methods and results; a general 
discussion concludes this section where markers are considered on the basis of the 
current findings (from the above analyses) and of published research. 
 
The expectation in these caecum fermenters with a hindgut separation mechanism was 
that MRTs would be longest for the fluid markers, shorter for the micro-particles 
(although they should closely resemble the fluid marker) and shortest for the large-
particles (Björnhag 1972; Hume 1999). The qualitative SEM, X-ray diffraction analysis 
and particle size analysis should indicate whether the particles of each marker were 
within the specified size class and whether the lanthanide metals used covered the surface 
of the particles evenly, regardless of origin (fibrous or rumen bacteria). The in vivo 
comparison of the markers, and the comparison of pulse and continuous dose MRTs, 
should indicate whether, regardless of duplicate metal used, marker behaviour was 
similar.  
 
3.2.2 Pulse dose mean retention time calculation 
MRTs are a major indication of the time to which food particles are subjected to the 
processes of digestion (Faichney and Boston 1983). The longer a digesta particle remains 
in the GIT, the longer is the digestion time. Cork et al. (1999) suggested that marker total 
GIT MRTs are best calculated by a pulse dose and total sampling procedure (that is, until 
no marker appears in the faeces), the principal method employed in this study.  
 
Although the term ‘mean retention time’ has been used throughout this study, (to remain 
consistent with previous research), it is misleading, since ‘mean’ suggests that it is the 
average time or time taken for 50% of the particles to be removed from the GIT. Mean 
retention time in this study is the ‘total GIT retention time’ of the specified particle sizes 
(pulse dose/total sampling procedure (Cork et al. 1999)); even though total retention time 
can not actually be calculated since it is inevitability infinity due to the exponential nature 
of the elimination curve (C. Allen, personal communication).  
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3.2.2.1  Methods  
The pulse dose administered to the rabbits and ringtail possums contained Co-EDTA, 
Tm-MP and Yb-LP (Section 2.3.4.1 and 2.4.4.1). Initially, raw data for the pulse dose in 
both the rabbits and ringtail possums from the ICP-MS were machine corrected (Section 
3.4.4); then converted from µg/L to total µg metal per faecal collection interval using the 
following equation in Microsoft Excel: 
 
NV = [(A/40) / B] * C  
 
where:  NV = new value (total µg metal); A   = [ICP-MS] (µg/L); 40 = Dilution factor; B 
= Analysed sample wt (g); and C = Total Faecal DW at collection interval (g).  
 
MRTs were also calculated using data point integration in the statistical software STATA 
(STATA 7, STATA Corp, College Station Texas, 2000) and compared to MRTs 
determined from the above equation in Microsoft Excel. 
 
‘New Values’ obtained for individual collections were summed together to give total 
metal eliminated (µg). Collection time was recorded 2, 4 or 6 hourly (h) from the time the 
pulse dose was administered. These converted data were then used to calculate MRTs 
using the equation: 
 
MRT = ∑ Mi x ti / ∑ Mi  
 
where Mi is the total metal eliminated and ti is the collection time. 
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3.2.2.2 Results 
Calculated MRTs are shown in Tables 3.1 (a, b and c) (rabbits) and 3.2 (a, b and c) 
(ringtail possums). 
 
Table 3.1 MRTs (h) calculated for seven rabbits using Excel and STATA. 
 Co-EDTA  
(Fluids) 
Tm-MP 
(Micro-particles) 
Yb-LP 
(Large particles) 
Rabbit EXCEL  STATA  
 
EXCEL  
 
STATA  
 
EXCEL  
 
STATA 
1 61.8 59.9 39.2 39.2 36.5 37.1
3 97.5 92.3 64.3 62.4 63.7 61.8
7 76.1 75.9 44.3 44.7 51.2 51.4
8 80.1 76.2 51.8 50.5 51.7 49.6
9 49.6 49.2 31.1 31.3 33.3 33.4
10 103.0 99.9 58.8 57.0 56.9 55.1
11 81.1 75.1 46.7 45.5 46.8 44.0
       
Minimum 49.6 49.2 31.1 31.3 33.3 33.4
Maximum 103.0 99.9 64.3 62.4 63.7 61.8
Average 
MRT (h) ± 
SD 
78.4 ± 
18.7 
75.5 ± 
17.4
48.0 ± 
11.4
47.2 ± 
10.5
48.6 ± 
10.8 
47.5 ± 
10.0
 
 
 
Table 3.1a Comparison of program (Excel v STATA) and Fluid v MP marker MRT 
using a two factor with Replication ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Fluid v MP 6029.958 1 6029.958 27.08579 2.48E-05 4.259675
Excel v STATA 24.70321 1 24.70321 0.110964 0.741942 4.259675
Interaction 8.143214 1 8.143214 0.036578 0.849935 4.259675
Within 5342.986 24 222.6244    
       
Total 11405.79 27         
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Table 3.1b Comparison of program (Excel v STATA) and Fluid v LP marker MRT using 
a two factor with Replication ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Fluid v LP 5863.823 1 5863.823 27.05353 2.5E-05 4.259675
Excel v STATA 28.80571 1 28.80571 0.132899 0.718638 4.259675
Interaction 6.035714 1 6.035714 0.027847 0.868868 4.259675
Within 5201.974 24 216.7489    
       
Total 11100.64 27         
 
 
 
Table 3.1c Comparison of program (Excel v STATA) and MP v LP marker MRT using a 
two factor with Replication ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
MP v LP 1.160357 1 1.160357 0.010174 0.920494 4.259675
Excel v STATA 6.3175 1 6.3175 0.055392 0.815929 4.259675
Interaction 0.1575 1 0.1575 0.001381 0.970664 4.259675
Within 2737.206 24 114.0502    
       
Total 2744.841 27         
 
 
The results indicate that there was no significant difference between the method of 
calculation (Excel or STATA); it was thought STATA would be more accurate due to the 
rigors of the program and hence smaller margin of operator error; however, it is possible 
that integration and interpolation of values cased error due to the smoothing of the curve 
(C. Allen, personal communication). As expected, the fluid marker had the longest MRT 
78.4 ± 18.7h and was significantly different to the particle marker MRTs (P = 0.00003 
MP and 0.00003 LP). Contrary to expectations there was no significant difference (P = 
0.92) between micro-particles and large particle markers (48.0 ± 11.4h and 48.6 ± 10.8h 
respectively). There was a large between-animal variation, as shown by the large range 
(i.e. MRT calculated in Excel for Co-EDTA was 50h for rabbit 9 but 103h for rabbit 10). 
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Table 3.2 MRTs (h) calculated for seven ringtail possums using Excel and STATA. 
 Co-EDTA  
(Fluids) 
Tm-MP 
(Micro-particles) 
Yb-LP 
(Large particles) 
Possum EXCEL  
 
STATA  
 
EXCEL  
 
STATA  
 
EXCEL  
 
STATA  
 
1 64.7 60.0 75.8 69.7 57.9 53.7
2 68.5 63.0 66.5 61.4 48.7 45.2
3 69.1 60.7 64.7 54.7 47.2 37.2
4 54.9 52.0 51.3 48.4 37.6 33.4
5 44.2 40.1 43.9 39.5 36.4 32.4
6 72.4 66.9 73.2 66.4 45.2 30.6
7 68.2 59.9 58.5 53.1 40.6 36.5
       
Minimum 44.2 40.1 43.9 39.5 36.4 30.6
Maximum 72.4 66.9 75.8 69.7 57.9 53.7
Average 
MRT (h) ± 
SD 
63.1 ± 
10.0 
57.5 ± 
8.9
62.0 ± 
11.5
56.2 ± 
10.5
44.8 ± 
7.4 
38.4 ± 
8.2
 
Table 3.2a Comparison of program (Excel v STATA) and Fluid v MP marker MRT 
using a two factor with Replication ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Fluid v MP 10.9375 1 10.9375 0.103297 0.75069 4.259675
Excel v STATA 229.1432 1 229.1432 2.164103 0.154258 4.259675
Interaction 0.060357 1 0.060357 0.00057 0.981149 4.259675
Within 2541.209 24 105.8837    
       
Total 2781.35 27         
 
Table 3.2b Comparison of program (Excel v STATA) and Fluid v LP marker MRT using 
a two factor with Replication ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Fluid v LP 2451.571 1 2451.571 32.35472 7.37E-06 4.259675
Excel v STATA 252 1 252 3.325781 0.08068 4.259675
Interaction 0.965714 1 0.965714 0.012745 0.911054 4.259675
Within 1818.52 24 75.77167    
       
Total 4523.057 27         
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Table 3.2c Comparison of program (Excel v STATA) and MP v LP marker MRT using a 
two factor with Replication ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
MP v LP 2135.009 1 2135.009 23.2627 6.51E-05 4.259675
Excel v STATA 259.8604 1 259.8604 2.831395 0.105405 4.259675
Interaction 0.543214 1 0.543214 0.005919 0.939314 4.259675
Within 2202.677 24 91.77821    
       
Total 4598.09 27         
 
As with the rabbits, there was substantial between-animal variation in the ringtail possum 
data; for instance, using Excel, the Co-EDTA MRT for possum 5 was 44h while that for 
possum 6 was 72h, and the average MRTs for all three markers tended to be greater when 
calculated by Excel than by STATA, although this difference only approached 
significance (P = 0.08) for fluid and large particle markers (Table 3.2b). In contrast to the 
rabbit results, there was a significant difference (P < 0.001) between the MRTs of micro- 
and large particle markers. In this case the micro-particle marker tracked with the fluid 
markers more closely than they did the large particle markers (there was no significant 
difference (P = 0.75) between fluid MRT and micro-particle MRT. For example, MRT of 
the large particle marker (Yb-LP) was 44.8 ± 7.4h while for the micro-particle marker 
(Tm-MP) had a MRT of 62.0 ± 11.5h which was more similar to that of the fluid marker 
(Co-EDTA) (63.1 ± 10.0h).  
 
Identical markers were used for the rabbit and ringtail possum experiments, the 
difference in marker elimination patterns between the two (i.e. the similarity of large 
particles and micro-particles in the rabbit and the similarity of fluid and micro-particle 
markers in the ringtail possum) therefore is difficult to explain. Another ambiguity is the 
between animal differences, observed in both experiments causing a wide range of MRTs 
calculated for rabbits and ringtail possums, this however, may be due to different feeding 
habits of the individual animal or an actual problem with the marker.  
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3.2.3 Comparison of pulse and continuous doses 
A comparison of MRT determined from the pulse and continuous doses in the rabbits was 
necessary for two reasons: 1) Warner (1981) and Gidenne (1994) suggested that 
whenever compartmental analysis is applied to marker excretion curves, the non-
compartmental estimate of total GIT MRT should also be calculated as a reference; and 
2) because the research proposal assumed that the MRTs would be similar regardless of 
the metal used or the method of administration (pulse or continuous dose). 
 
Calculation of MRT from the pulse dose was described in Section 3.2.2.1. However, 
MRTs from the continuous dose could not be calculated using the same method due to 
fundamental differences in what the data represented. The continuous dose represented an 
accumulation of the marker in the GIT (as opposed to the pulse dose which represented 
elimination from the system); from the accumulation, ‘time to steady state’ could be 
determined. At steady state the rate of movement of the marker in to a compartment is 
equal to the rate of movement of marker out (R. Boston, personal communication). From 
the marker concentrations at steady state the fractional outflow rates of each compartment 
could be calculated. The inverse of fractional outflow rate is the residence time or MRT 
for that compartment and, for any digesta component, MRTs in successive segments of 
the GIT are additive (Faichney 1993). 
 
3.2.3.1  Methods 
To calculate MRTs from the continuous dose (Cr-EDTA, Dy-MP and Eu-LP), a 
compartmental model of ‘time to steady state’ was established for each rabbit (Figure 
3.1). Metal concentrations in each section of the GIT (stomach, small intestine, caecum, 
proximal colon and distal colon) were determined by ICP-MS. The input of marker into 
the compartment (U) was calculated from the mass of digesta in each compartment and 
the concentration of the metal in the compartment at the time of slaughter (M). Removal 
rate or fractional outflow rate (L) was determined as L=U/M. The residence times in each 
compartment was calculated as the reciprocal of L. Residence time in each compartment 
of the GIT, when added together, gave the total MRT of the marker in the GIT. Once 
calculated, the MRTs for the continuous dose were compared with those of the pulse 
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dose. Tables 3.3, 3.4 and 3.5 show the calculation of residence times in the GIT of the 
rabbit for Cr-EDTA, Dy-MP and Eu-LP respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Time to ‘steady state’ for continuous dose markers Cr-EDTA, Eu-LP and Dy-
MP in rabbits when steady state = time when all compartments are emptied and filled at 
the same rate. 
 
 
 
 
 
 
 
 
int Cr-EDTA int Dy-MP
int Eu-LP
rabbit==1
0
239096
rabbit==3 rabbit==7
rabbit==8
0
239096
rabbit==9
6 475.5
rabbit==10
6 475.5
rabbit==11
6 475.5
0
239096
Where the area between the lines indicates the 
time to steady state and slope (S) of the line 
after this point equals intake. 
S
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Table 3.3 Calculation of residence times of Cr-EDTA for each of the seven rabbits. 
Compartment 
and Rabbit 
Cr input  
(µg /h) 
Total Cr in 
compartment 
at slaughter 
(µg) 
Fractional 
Outflow Rate 
(h -1) 
Residence time 
(h) 
Stomach U M L = U/M 1/L 
1 603.2 1396.9 0.4 2.3
3 603.6 11753.7 0.1 19.5
7 664.4 14954.2 0.0 22.5
8 544.2 1364.5 0.4 2.5
9 722.4 366.3 2.0 0.5
10 508.1 8972.2 0.1 17.7
11 623.7 467.7 1.3 0.7
Small intestine     
1 603.2 1183.7 0.5 2.0
3 603.6 3111.2 0.2 5.2
7 664.4 1719.4 0.4 2.6
8 544.2 1476.4 0.4 2.7
9 722.4 734.7 1.0 1.0
10 508.1 1801.3 0.3 3.5
11 623.7 2190.9 0.3 3.5
Caecum     
1 603.2 32613.2 0.0 54.1
3 603.6 24395.1 0.0 40.4
7 664.4 28670.1 0.0 43.1
8 544.2 19603.2 0.0 36.0
9 722.4 13525.6 0.1 18.7
10 508.1 26380.3 0.0 51.9
11 623.7 29762.1 0.0 47.7
Proximal colon     
1 603.2 10562.9 0.1 17.5
3 603.6 11314.7 0.1 18.7
7 664.4 10384.2 0.1 15.6
8 544.2 9342.2 0.1 17.2
9 722.4 8971.8 0.1 12.4
10 508.1 11477.7 0.0 22.6
11 623.7 12888.1 0.0 20.7
Distal colon     
1 603.2 2467.6 0.2 4.1
3 603.6 8658.3 0.1 14.3
7 664.4 6653.8 0.1 10.0
8 544.2 2206.6 0.2 4.1
9 722.4 5144.4 0.1 7.1
10 508.1 2502.3 0.2 4.9
11 623.7 2322.5 0.3 3.7
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Table 3.4 Calculation of residence times of Dy-MP for each of the seven rabbits. 
Compartment 
and Rabbit 
Dy input  
(µg /h) 
Total Dy in 
compartment at 
slaughter (µg) 
Fractional 
Outflow Rate 
(h -1) 
Residence time 
(h) 
Stomach U M L=U/M 1/L 
1 153.8 530.3 0.3 3.4
3 154.6 1858.0 0.1 12.0
7 147.7 2163.0 0.1 14.6
8 135.7 334.8 0.4 2.5
9 163.8 233.8 0.7 1.4
10 141.5 1944.3 0.1 13.7
11 166.3 161.9 1.0 1.0
Small Intestine     
1 153.8 237.0 0.6 1.5
3 154.6 492.8 0.3 3.2
7 147.7 325.7 0.5 2.2
8 135.7 272.8 0.5 2.0
9 163.8 221.8 0.7 1.4
10 141.5 222.9 0.6 1.6
11 166.3 384.2 0.4 2.3
Caecum     
1 153.8 2797.8 0.1 18.2
3 154.6 2922.1 0.1 18.9
7 147.7 2607.3 0.1 17.6
8 135.7 1701.2 0.1 12.5
9 163.8 1271.0 0.1 7.8
10 141.5 2498.7 0.1 17.7
11 166.3 2192.4 0.1 13.2
Proximal colon     
1 153.8 1009.9 0.2 6.6
3 154.6 1308.8 0.1 8.5
7 147.7 885.2 0.2 6.0
8 135.7 922.8 0.1 6.8
9 163.8 903.5 0.2 5.5
10 141.5 1083.1 0.1 7.7
11 166.3 1123.9 0.1 6.8
Distal colon     
1 153.8 775.9 0.2 5.0
3 154.6 863.3 0.2 5.6
7 147.7 557.4 0.3 3.8
8 135.7 641.8 0.2 4.7
9 163.8 1898.4 0.1 11.6
10 141.5 363.0 0.4 2.6
11 166.3 575.8 0.3 3.5
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Table 3.5 Calculation of residence times of Eu-LP for each of the seven rabbits. 
Compartment 
and Rabbit 
Eu input  
(µg /h) 
Total Eu in 
compartment at 
slaughter (µg) 
Fractional 
Outflow Rate 
(h -1) 
Residence time 
(h) 
Stomach U M L=U/M 1/L 
1 219.7 941.8 0.2 4.3
3 255.3 3216.6 0.1 12.6
7 238.0 3680.7 0.1 15.5
8 205.4 593.2 0.3 2.9
9 269.1 417.5 0.6 1.6
10 231.8 3434.3 0.1 14.8
11 211.2 295.5 0.7 1.4
Small Intestine     
1 219.7 415.7 0.5 1.9
3 255.3 829.7 0.3 3.3
7 238.0 533.4 0.4 2.2
8 205.4 460.9 0.4 2.2
9 269.1 389.5 0.7 1.4
10 231.8 380.3 0.6 1.6
11 211.2 652.0 0.3 3.1
Caecum     
1 219.7 4498 0.0 20.5
3 255.3 4862 0.1 19.0
7 238.0 4234 0.1 17.8
8 205.4 2710 0.1 13.2
9 269.1 2129 0.1 7.9
10 231.8 4320 0.1 18.6
11 211.2 3573 0.1 16.9
Proximal colon     
1 219.7 1656.0 0.1 7.5
3 255.3 2160.3 0.1 8.5
7 238.0 1437.6 0.2 6.0
8 205.4 1557.6 0.1 7.6
9 269.1 1542.9 0.2 5.7
10 231.8 1863.1 0.1 8.0
11 211.2 1843.1 0.1 8.7
Distal colon     
1 219.7 1340.1 0.2 6.1
3 255.3 1445.4 0.2 5.7
7 238.0 922.3 0.3 3.9
8 205.4 1100.8 0.2 5.4
9 269.1 3180.5 0.1 11.8
10 231.8 618.6 0.4 2.7
11 211.2 1050.1 0.2 5.0
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3.2.3.2 Results 
Total GIT MRTs from the continuous dose were calculated by addition of compartmental 
residence times for each rabbit shown in the tables above. Table 3.6 (a, b and c) compares 
the MRTs determined using the pulse dose (Co-EDTA, Tm-MP and Yb-LP) and the 
continuous dose (Cr-EDTA, Dy-MP and Eu-LP) for the rabbits.  
 
Table 3.6 Comparison of MRTs determined from duplicate markers administered as 
either a continuous dose or pulse dose to seven rabbits. 
 
 
Table 3.6a Comparison of dosing method used (Pulse v Continuous) for Fluid markers 
(Co-EDTA and Cr-EDTA) using a single factor ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Co v Cr 36.80643 1 36.80643 0.0943183 0.764022 4.747221
Within Groups 4682.837 12 390.2364    
       
Total 4719.644 13         
 
 
 
 
 Fluid Marker Micro-particle Marker Large particle Marker 
 Pulse Continuous Pulse Continuous Pulse Continuous 
Rabbit Co-EDTA Cr-EDTA Tm-MP Dy-MP Yb-LP Eu-LP 
1 59.9 79.9 39.2 34.8 37.1 40.3
3 92.3 98.1 62.4 48.2 61.8 49.0
7 75.9 93.9 44.6 44.3 51.4 45.4
8 76.2 62.5 50.5 28.5 49.6 31.3
9 49.2 39.8 31.3 27.7 33.4 28.5
10 99.9 100.6 57.0 43.2 55.1 45.8
11 75.1 76.4 45.5 26.7 44.0 35.1
      
Minimum 49.2 39.8 31.3 26.7 33.4 28.5
Maximum 99.9 100.6 62.4 48.2 61.8 49.0
Average 
MRT (h) ± 
SD 
 
75.5 ± 
17.4 
 78.7 ± 
21.9
47.2 ± 
10.5 36.2 ± 9.0
 
47.5 ± 
10.0 39.3 ± 7.9
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Table 3.6b Comparison of dosing method used (Pulse v Continuous) for micro-particle 
markers (Tm-MP and Dy-MP) using a single factor ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Tm v Dy 424.6007 1 424.6007 4.443023 0.056748 4.747221
Within Groups 1146.789 12 95.56571    
       
Total 1571.389 13         
 
 
Table 3.6c Comparison of dosing method used (Pulse v Continuous) for large particle 
markers (Yb-LP and Eu-LP) using a single factor ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Yb v Eu 232.0714 1 232.0714 2.859473 0.116622 4.747221
Within Groups 973.9057 12 81.15881    
       
Total 1205.977 13         
 
Fluid MRTs (Co-EDTA and Cr-EDTA) were similar, with no significant difference (P = 
0.76) between the two dosing methods. However, micro-particle MRTs calculated using 
the continuous dose method were 11h (on average) less than when calculated using the 
pulse dose method, which was almost significant (P = 0.06). Similarly, MRTs for the 
large particle markers by the continuous dose method were 8h less than when determined 
by pulse dose, however, these were not significantly different (P = 0.12). 
 
Similar marker trends were observed in the continuous and pulse dose determined MRTs; 
that is, particle markers appeared to be retained for similar lengths of time depending on 
the dosing method used. Both particle markers in the pulse dose (Tm-MP and Yb-LP) 
had MRTs of approximately 47h while the continuous dose markers (Dy-MP and Eu-LP) 
had shorter MRTs of 36 and 39h respectively. This finding suggests an association of the 
markers in the GIT depending on the method of dosing. These observations were contrary 
to the expectation that the two micro-particle markers (Tm-MP and Dy-MP) and the two 
large-particle makers (Yb-LP and Eu-LP) would not differ in calculated MRTs, 
representative of that specific size class. 
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Results from the continuous dose method should provide a closer approximation to actual 
MRTs because whole GIT samples were taken; the pulse dose had the disadvantage that 
less than 100% of the marker dose was collected. Although the fluid markers provided 
comparable results from the two approaches, the behaviour of the particulate markers 
requires further investigation. 
 
3.2.4 Particle size analysis 
Markers of the proposed research were defined primarily by their size; either ‘large-
particles’ or ‘micro-particles’.  Findings from the comparison of MRTs of markers 
(Section 3.2.3) suggested unexpected passage times for both marker sizes - suggesting the 
particles were not of the assumed size range. This observation highlighted possible errors 
in the actual particle size of the markers. To investigate the assumption that particles 
were either ‘large’ (600 - 1200µm) or ‘micro’ (0.2 – 20 µm), a particle size analysis was 
implemented. This analysis divided markers into their component size classes. Similar 
wet sieving techniques have been used by (Evans et al. 1973; Poppi et al. 1980) for 
fractionating digesta samples.  
 
3.2.4.1 Methods  
Figure 3.2 shows the sieves on which the markers (Yb-LP, Eu-LP, Dy-MP and Tm-MP) 
were separated. Initially, metal sieve meshes (pore sizes 2400 to 38 µm in two-fold steps) 
were weighed, and then stacked on top of each other with rubber rings and an aluminium 
tube between each sieve, making an airtight column of sieves, which was then connected 
to a vacuum flask. Approximately 1g (large-particles) or 1ml (micro-particles) was 
separated in triplicate for each marker. Copious quantities of water were used to separate 
the markers and acetone was used as a drying agent to inhibit adhesion of particles. Fluid 
and particles smaller than the 38µm sieve, were retained then further filtered using 
Millipore filter papers of pore size 3µm and 0.45µm. A sample of the eluent from this 
separation was retained and used as an indicator of the fluid fraction. 
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Figure 3.2 Diagrammatic representation of particle size analysis used to separate 
triplicate wet samples of each particle marker Yb-LP, Eu-LP, Dy-MP and Tm-MP into 
their component size classes. 
 
 
After separation was complete, each removable sieve mesh and the sample was dried and 
weighed, and sample dry mass determined by difference between mesh mass and 
combined mesh and sample mass. Samples of retained material were prepared for ICP-
MS analysis (Section 2.5.2.1). Marker particles on the metal sieves were removed and 
placed into microwave digestion tubes, while marker particles retained on filter papers 
were digested and 2 ml of the fluid sample were digested. Once digestion was complete 
the samples were analysed using ICP-MS (Section 2.5.2.2). 
 
3.2.4.2  Results 
Results were displayed as three graphs for each marker to describe different aspects from 
averages of the triplicate analyses. Each marker was described graphically as:  
1200
600
300
150
75
38
3
0.45
Marker Sample 
IN
Metal sieves of 
designated sizes µm
liquid
Captured in flask
Millipore filters
of designated pore size µm
Each sieve or filter was then 
individually analysed using 
ICPMS and SEM techniques for 
particle size and Lanthanide 
metal marker concentration 
Copious water and 
acetone were used to wash 
marker through sieves 
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A - Distribution (%) of particle size class found in the marker by mass;  
B - The percentage of metal distributed over the separated size classes; and  
C – The percentage of particles marked within each size class. 
 
Figure 3.3a shows results for Yb-LP. This marker was assumed to be a large particle 
marker (i.e. all particles in the sample between 600 and 1200 µm). Results indicate 
(Graph A) that most of the particles in this marker were indeed in the assumed size class, 
with 81% of the particles being retained on the 600µm sieve. However, Graph B shows 
that most of the Yb was in the 3 and 0.45µm size classes (83%), indicating that the 
amount of binding of metal to fibrous particle was greater for smaller particles than for 
large particles (Graph C). Less than 1% of the particles in the 600µm size class were 
marked with Yb, in contrast to the 0.45µm size class in which almost half (47%) of the 
particles were marked with Yb. 
 
Similar findings were observed for the other large particle marker Eu-LP (Figure 3.3b) 
where most of the particles (74%) were in the 600 to 1200µm size classes (Graph A). Eu 
metal was more evenly distributed across all size classes (Graph B), with the largest 
quantity (22% of the total metal) observed in the 150µm size class. However, a greater 
proportion of particles were bound with Eu in smaller particle size-classes, with 50% 
binding to the particles in the 38µm and only 0.2% in the 600µm size class (Graph C). 
 
Aggregation or clumping of bacteria was observed with both micro-particle markers. 
Figure 3.3c shows large clumps of bacteria marked with Tm on the 2400µm sieve; these 
clumps were not dispersed with a strong water spray. It was therefore assumed that 
similarly large clumps remained unbroken as they passed through the GIT. As a result, 
the micro-particle marker was spread over size classes from 2400 to 0.45µm. However, 
52% of the bacteria particles were in the 3µm size class (graph A). Although Tm 
appeared evenly distributed over the particles in size classes 1200 to 75µm, the greatest 
percentage (25%) was found in the 0.45µm size class (Graph B). Although the 3µm size 
class accounted for 52% of the particles by mass (Graph C), it only accounted for 9% of 
the Tm detected in the sample. 
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Figure 3.3a A – the distribution of particle size class found in the Yb-LP marker. B – 
The percentage of Yb distributed over the separated size classes and C – the percentage 
of particles being marked within each size class. 
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Figure 3.3b A – the distribution of particle size class found in the Eu-LP marker. B – 
The percentage of Eu distributed over the separated size classes and C – the percentage of 
particles being marked within each size class. 
 
 
Hence, less than 1% of particles were marked with Tm in this size class. Conversely, 
particles in the 0.45µm size class accounted for only 3% of the particles by mass, but for 
25% of the Tm. This indicated that 39% of the particles in this size class were marked 
with Tm.  
 
Figure 3.3d shows the particle size analysis findings for Dy-MP (micro-particle marker). 
Clumping was again evident, with clumps of bacteria not dispersed with the strong water 
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spray and present in size classes 75µm and above. Most of the bacteria particles (36% by 
mass) were retained on the 3µm sieve (Graph A). A significant amount of Dy (32%) was 
found in this size class (Graph B). However, 48% of the total Dy metal was found in the 
600 to 2400µm size class, indicating that 85% of particles in these size classes were 
marked with Dy (Graph C), while comparatively little Dy marking occurred in the lower, 
expected size classes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3c A – the distribution of particle size class found in the Tm-MP marker. B – 
The percentage of Tm distributed over the separated size classes and C – The percentage 
of particles being marked within each size class. 
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Figure 3.3d A – the distribution of particle size class found in the Dy-MP marker. B – 
The percentage of Dy distributed over the separated size classes and C – The percentage 
of particles being marked within each size class. 
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Most of the particles in the large particles were in the expected size range (600 to 
1200µm). However, the lanthanide metals preferentially bound to smaller particles. In 
contrast, ‘clumping’ of the bacteria used in the micro-particle markers caused the 
effective particle size and size range of the marker to be much larger than assumed. That 
is; Yb actually measured the 0.45µm, Eu actually measured the average of all size-classes 
(but mostly the 150µm size-class), Tm actually measured the average of all size-classes 
(but mostly the 0.45µm size-class) and Dy actually measured the 2400-600µm and also 
the 3µm size class.  In conclusion, the components of each marker that were actually 
marked did not represent the size-classes they were assumed to represent.  
 
3.2.5 In vivo marker comparison 
This experiment was used to test the assumption that the passage of the two markers for 
each size class (fluid, micro-particles and large particles) through the GIT would be the 
same. Ringtail possums were given a pulse dose of the six markers under investigation 
(Co-EDTA, Cr-EDTA, Yb-LP, Eu-LP, Tm-MP and Dy-MP). The experiment was 
undertaken in the same way as the ringtail possum experiment in 2000.  
 
3.2.5.1 Methods 
Sections 2.4.1 and 2.4.2 describe the animal source, collection and housing which were 
common to each ringtail possum experiment. The 2000 experiment confirmed that the 
ringtail possum was strictly nocturnal, with no hard pellet production or animal activity 
during the light period. Therefore the animals in the 2001 experiment were maintained on 
a reversed daylight regime which allowed more frequent faecal collections to be made 
without the debilitating loss of sleep on the part of the researcher. 
 
Daylight Reversing 
This process began as soon as the animals entered the animal house. Daylight was 
‘reversed’ so that the room was dark during 0600h to 1800h and light during 1800h to 
0600h. The process of daylight reversing took eight days; behaviour of the ringtail 
possums confirmed that they were accustomed to the lighting regime; since they were 
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only active during the dark phase.  The animals adapted without observed overt side 
effects.  
 
Diet and procedures 
The possum diet was the same as that offered in 2000.  Eucalyptus haemastoma (Scribbly 
Gum) and Eucalyptus punctata (Grey Gum) foliage collected from Manly Dam Reserve 
(Manly Warringah War Memorial Park), Manly Vale, NSW were again the main source 
of leaf.   Eucalyptus foliage was presented daily at 0530h, together with seasonally 
available vegetables and fruit (Taronga Zoo, Sydney NSW and W.J. Foley, personal 
communication). Water was provided ad libitum.  To encourage the possums to eat the 
dose (pulse only) a small amount of peanut butter with honey (the dosing mix) was given 
in the dose administration dish from time to time throughout the pre-experimental period. 
This mixture was consumed quickly whenever offered. 
 
Daily records were kept of food consumption, and as for the 2000 ringtail experiment a 
visual scoring system was used (scale of 1 to 5) in order to discern patterns of increasing 
or decreasing leaf consumption over time; supplements not eaten were also recorded. 
Daily ‘blank’ faeces and urine were collected in the pre-experimental period and stored 
separately for each animal, as for the 2000 experiment; these were analysed for levels of 
the six metals used as markers and deducted from the final metal concentrations. The 
faecal collection screens and urine funnels were washed daily. The possums were 
weighed weekly during the day by removing the nest box and weighing both the box and 
the animal. Health status was checked using torch light as they foraged in the dark phase. 
 
Dosing – Pulse dose  
The dose mix (mashed banana and condensed milk) offered in the 2000 ringtail 
experiment was not accepted by the 2001 ringtail possums. A new medium was used 
instead; peanut butter and honey mixed together and spread on a corn cob. This mix was 
quickly consumed when the animals were not disturbed.  
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To administer the dose all six metals were mixed with the dose mix and offered to the 
ringtails from 0600 h to 0700 h and any dose left at this time was removed and weighed. 
The animals were left undisturbed for 1h after offering the dose since during the pre-
experimental period any disturbance caused the animals to leave and often drop the dose. 
This was not strictly a pulse dose, which is consumed much quicker (10 to 15min). 
However, the different markers were all given in the same manner and were deemed an 
acceptable method of administration. Table 3.7 shows the amount of dose consumed by 
each possum. 
 
Table 3.7 Amount (air-dry) of pulse dose consumed by each of the four possums. 
Possum 
number 
Amount 
offered (g) 
Amount 
left (g) 
Amount 
consumed (g) 
1 11.60 0.00 11.60 
2 11.70 0.00 11.70 
3 12.70 2.01 10.69 
4 12.40 1.58 10.82 
 
Sample collection 
Hard faecal pellets and urine were collected daily throughout the collection period 
(Section 2.4.5). Samples (10%) from the daily urine collection were stored in labelled 
bottles below 4°C with 1% acetic acid to aid preservation. Faecal collections were taken 
hourly for the first 24h, two hourly from 25 – 72h then four hourly to the end of the 
experiment (from 73 – 192h). 
 
Each faecal collection was bagged and labelled with date and time and placed in an oven 
at 40 - 50°C until dry (1 week). The samples were weighed, and ground in a Tecator 
Cemotec 1090 sample mill to particle size < 0.1mm. The ground samples were kept in a 
dry environment for preparation of metal analysis by ICP-MS. 
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Collection of Gastrointestinal Tract Data 
GITs were collected after seven days of faecal collection and analysed for any marker 
that remained in the GIT. The procedure was the same as that used in the 2000 ringtail 
possum experiment (Section 2.4.6). Each GIT section was weighed, the contents 
removed, a contents sample taken and the section washed and dried using paper towel 
and reweighed to determine the mass of the contents by difference. A sub-sample from 
the contents of each GIT section was labelled and dried at 40 - 50ºC for one week. The 
remainder of the sample was stored at 4ºC for further analyses. Dried GIT samples were 
ground in a Tecator Cemotec 1090 sample mill to < 0.1mm powder, ready for preparation 
for metal analysis by ICP-MS. 
 
3.2.5.2 Results 
Since the new ICP-MS machine (Perkin-Elmer Elan 6100) was used to analyse metal 
concentrations, correction equations used in the rabbit 1999 and ringtail 2000 
experiments were not necessary (Section 3.4). Table 3.8 (a, b and c) shows the average 
MRTs determined for the three duplicate markers.  
 
Table 3.8 Comparison of MRTs determined for duplicate fluid, micro-particle and large 
particle markers. 
 
 
Fluid marker 
 
Micro-particle 
Marker Large particle marker 
Actual 
size   
Large + 
some 
small 
All + 
micro 
All size 
classes 
Micro 
particles 
Possum Co-EDTA Cr-EDTA Tm-MP Dy-MP Yb-LP Eu-LP 
1 77.7 81.4 75.0 76.2 66.0 73.3
2 69.0 67.5 58.3 56.3 42.3 53.0
3 91.5 91.9 88.1 89.2 82.2 87.2
4 93.7 93.3 87.2 89.5 75.1 87.8
       
Min 69.0 67.5 58.3 56.3 42.3 53.0
Max 93.6 93.3 87.2 89.5 82.2 87.8
Average 
MRT (h) 
± SD 
83.0 ± 
11.7 
83.5 ± 
11.9
77.2 ± 
13.9
77.8 ± 
15.6
66.4 ± 
17.4 
75.4 ± 
16.3
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Table 3.8a Comparison of fluid markers (Co-EDTA and Cr-EDTA) given as a pulse dose 
using a single factor ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Co v Cr 0.78125 1 0.78125 0.003952 0.951915 5.987374
Within Groups 1186.068 6 197.6779    
       
Total 1186.849 7         
 
Table 3.8b Comparison of micro-particle markers (Tm-MP and Dy-MP) given as a pulse 
dose using a single factor ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Tm v Dy 0.845 1 0.845 0.003863 0.952461 5.987374
Within Groups 1312.51 6 218.7517    
       
Total 1313.355 7         
 
Table 3.8c Comparison of large particle markers (Yb-LP and Eu-LP) given as a pulse 
dose using a single factor ANOVA. 
ANOVA       
Source of 
Variation SS df MS F P-value F crit 
Yb v Eu 159.3112 1 159.3112 0.560479 0.482373 5.987374
Within Groups 1705.447 6 284.2412    
       
Total 1864.759 7         
 
MRT for the two fluid markers (Cr-EDTA and Co-EDTA) and for the two micro-particle 
markers (Dy-MP and Tm-MP) were very similar. However, there was a difference of 9h 
in MRT between the large particle markers (Eu-LP (75h) and Yb-LP (66 h)). The Eu-LP 
marker MRT was closer to that of the two micro-particle markers (with only 2 - 3h 
difference). The Yb-LP marker appeared to be moving through the GIT more quickly, 
possibly indicating differences in binding of the lanthanide metals to the fibrous particles. 
Although the above differences were apparent, the ANOVAs indicated that none of the 
comparative markers were significantly different. 
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The pattern of marker elimination is shown in Figure 3.4; a similar circadian pattern of 
activity was followed by all ringtail possums. The elimination of duplicate markers was 
similar to expectations; the large particle markers (Eu-LP and Yb-LP) remained in the 
GIT for the shortest period although there was close overlap between Eu-LP and the 
micro-particle markers. Dy-MP and Tm-MP (micro-particle markers) were cleared at a 
rate between the fluid markers and large particle markers while the fluid markers (Co-
EDTA and Cr-EDTA) remained in the GIT for the longest period.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Marker excretion curves for in vivo marker experiment showing the 
elimination of six markers (Yb-LP, Eu-LP, Tm-MP, Dy-MP, Cr-EDTA and Co-EDTA 
from the GIT of four ringtail possums.  
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3.2.6 Scanning electron microscopy 
The potential use of the scanning electron microscope (SEM) in order to examine the 
distribution of metals on the marker particles was independently suggested by C. Allen 
and S. Baker (personal communication), and has been used previously to detect 
lanthanide metal binding to feed particles (Harbers et al. 1981a,b; 1982a,b). SEM is used 
to investigate surfaces; the electrons do not pass through the specimen. Rather, the 
electron beam is focussed to a spot on the specimen and scanned across a small 
rectangular area. The electron beam excites the atoms in the sample and generates a range 
of electron volts which are specific to each atomic weight and are detected by a scan 
generator in the cathode ray tube. An image is formed and displayed on a computer 
monitor that is scanned exactly in step with the beam. Figure 3.5 demonstrates 
components of the SEM (Biological Specimen Prep Handbook 2000 - 2001). SEM was 
therefore used to investigate the distribution of lanthanide metals over the surface of the 
marker substances, both the fibrous particles and the rumen bacteria.  
 
 
Figure 3.5 Components of the Scanning Electron Microscope (From Operation of the 
Scanning Electron Microscope 2001).  
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3.2.6.1  Methods 
In preparation for SEM analysis each marker (Yb-P, Eu-P, Tm-P and Dy-P) was 
separated into its component 2-fold size classes between 1200 to 38µm (Section 3.2.4.1). 
After drying, a sample of each marker size was attached to a circular aluminium disc to 
ground particles to earth and fine coated (1 nm) with gold (Au) to further reduce charging 
of the sample particles when under the SEM electron beam. Plate 3.1 shows the sample 
disc and its location during analysis.  
 
 
Plate 3.1 Location of the gold coated sample disc, ready to be moved into the SEM 
chamber.  
 
 
The SEM was used to examine solid particles and to give images with high visual impact, 
especially when viewed in stereo. Plate 3.2 shows the use of two video screens, where 
one was of the sample in ‘backscatter’ and the other was the ‘secondary electron’ image 
of the sample. Backscattered electron image was obtained by collecting electrons that are 
reflected from the specimen (leave the specimen with more than 50ev energy). The 
appearance of the backscattered electron image depends on the angle of incidence and on 
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the position and the energy sensitivity of the backscattered electron detector. Secondary 
electron image is the most generally useful type of image for studying surface 
topography. It can also be made sensitive to crystal orientation, voltages, and magnetic 
fields. The detector in this case is sensitive to electrons re-emitted from the sample (those 
that emerge from the specimen with less than 50ev energy).  
 
 
Plate 3.2 Components of the SEM505 microscope is set up to show both the 
backscattered electron (BE) image and the secondary electron (SE) image.  
 
The most usual type of detector is the scintillator/light-pipe/photomultiplier system and 
was utilised in this study. The scintillator was held at a positive potential of several kV, 
and the secondary electrons were accelerated into it to give visible light which was then 
detected by the photomultiplier. Generally, in surface SEM, secondary electrons are 
collected to form the image. The secondary electron image is very similar in appearance 
to a light optical image, except that there is no colour and both the resolution and depth of 
focus are greatly improved. A third detector was used in this analysis; Characteristic X-
Ray image which was obtained by collecting the characteristic x-rays and was used to 
display the distribution of chemical element in the micro-analyser. Plate 3.3 shows the 
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‘characteristic x-ray’ image on the computer monitor which presents detected levels of 
selected metals present in the sample as peaks.  
 
 
Plate 3.3 Images achieved from X-Ray detector (i) Spectral maps showing distribution of 
the metals of interest over the surface of the sample and (ii) Grey peaks are visible where 
detectable amounts of metal are found. 
 
i 
ii 
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During SEM x-ray analysis the specimen is irradiated by a finely focussed electron beam. 
This releases secondary electrons, backscattered electrons, characteristic x-rays, and 
several other types of radiation from a small part of the specimen.  The intensity of these 
signals depended on the shape, chemical composition, and crystal orientation of the 
irradiated volume. These signals were used in two ways; either the beam remained 
stationary at a point to give an x-ray analysis, or it was scanned in a television raster to 
obtain information (in the form of a black and white image) over an area. 
 
Each sample was investigated using the three detection forms for 4h each (96h in total) to 
provide a description of the concentration and the distribution of lanthanide metal in each 
size class. Descriptions of findings were recorded through written observations and 
through computer images which are included in the results below. 
 
3.2.6.2  Results 
The results recorded below are descriptive and indicate the findings of the SEM analysis 
of each of the lanthanide markers. Plates 3.4a, b, c and d show examples of spectral maps 
and identification of metal for each marker; Tables 3.9a, b, c and d give further details of 
findings with descriptions of observations over the range of size classes investigated. 
Although the lanthanide metals were found on the particles, they were not evenly 
distributed across the particles. This has previously been observed by (Harbers et al. 
1981a,b; 1982a,b). Note: The number of ‘counts’ is a comparative system – indicating the 
amount of metal detected (the higher the count, the greater the amount of specified metal 
detected). 
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Plate 3.4a Example SEM pictures describing distribution of Yb on fibrous particles. 
 
 
 
 
 
 
 
 
 
 
Plate 3.4b Example SEM pictures describing distribution of Eu on fibrous particles. 
 
            
Plate 3.4c Example SEM pictures describing distribution of Tm on formalin-fixed rumen 
bacteria particles. 
  
          
Plate 3.4d Example SEM pictures describing distribution of Dy on formalin-fixed rumen 
bacteria particles. 
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Table 3.9a Descriptive findings of Yb metal distribution and concentration over the 
fibrous large particles. 
Size class 
µm 
Description 
Yb-LP 
1200 
 
Hotspots of Yb clear as were the plant structures (xylem and phloem) of the 
fibrous particles. Bright structures resembling crystalline structures were 
identified with strong Yb counts (>50). Yb detected but not in the surrounding 
area. This finding was similar on most particles in this size class. The Yb was 
bound to both smooth and rough surfaces on the fibrous particles. 
600 
 
Hotspots of Yb again easily identified at this size class (18 counts) in very 
small, defined regions, which appeared to be crystalline. Yb only observed on 
less than half of the particles in this section. Little or no Yb evenly distributed 
over the surface of the particles. 
300 
 
Intense hotspots (1450 counts), with crystals similar to those found in the 
600µm, were observed. 
150  Similar findings to the other size classes, in that Yb had bound at definite points 
that appeared crystalline. 
75 
 
Particles not uniform in size and shape; this was observed across all size classes 
although particularly so in this size class. Hotspots of Fe detected in this sample 
(15 counts) and Yb appeared to associate with them. 
38 
 
The binding of Yb was observed in a ‘band’ which was not observed 
previously. This pattern of binding was only observed over one of the particles 
investigated in this size class and hotspots (589 counts) similar to those on the 
larger size classes were observed on a number of particles in this sample, thus 
indicating unevenness of Yb binding and distribution in the marker. 
 
Table 3.9b Descriptive findings of Eu metal distribution and concentration over the 
fibrous large particles. 
Size class 
µm 
Description 
Eu-LP 
1200 
 
Plant structures (xylem and phloem) apparent. At this size class little Eu was 
evenly distributed over the sample, however, binding of Eu was different to that 
of Yb in that hotspots were less intense and appeared as clusters rather than a 
single aggregation of Eu. Eu hotspots were observed (100 counts) in the cavity 
of the particle.  
600 
 
Fibrous particles in this size class appeared similar in size and shape to those in 
the 1200µm size class. Again, plant structures were apparent, with the particles 
‘flaky’ in appearance. Eu found on this size class was minimal with less than 13 
counts being observed. 
300 
 
Very little Eu detected (22 counts). Eu was observed in ‘craters’ on some 
particles and in smooth section of others. There appeared to be little consistency 
with the binding of Eu to the plant particles. 
150 
 
Fibrous particles appeared very ‘stringy’; little or no Eu found on this size class 
(9 counts). 
75 
 
Practically no Eu detected (5 counts), however, where Eu was found it was 
bound in small clusters (as in the 1200µm size class).  
38 
 
Little or no uniformity of particle size and shape in this sample. Eu only 
observed on one particle, a number of ‘hotspots’ (26 counts) found to be 
associated with similar amounts of Fe, which was only found at this size class. 
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Table 3.9c Descriptive findings of Tm metal distribution and concentration over the 
formalin-fixed rumen bacteria. 
Size class 
µm 
Description 
Tm-MP 
1200 
 
Clumps of bacteria apparent, with small amounts of Tm found on the surfaces 
of most clumps. Some clumps showed a large amount of K definite areas of Tm 
bound to the surface. Tm was not widely spread over the clump; however, small 
sections of the clumps were evenly coated. 
600 
 
Large flakes, as well as solid clumps observed in this size class. The major 
count of Tm in this size class was low (9 counts) where Tm was found evenly 
distributed over the surface of the clump. 
300 
 
Binding of Fe in this class size (500 counts) clear, where Tm was often seen to 
be associated with this metal. Some rough sections of the bacteria clumps were 
covered in small amounts of Tm (6 counts). 
150 
 
Clumps and flakes of bacteria apparent in this size class. Low concentrations of 
Tm found over the clumps (6 – 14 counts). Again hotspots of Fe were detected. 
Two intense hotspots of Tm observed on one clump (98 and 143 counts of Tm) 
which was not found anywhere else in the sample. 
75 
 
Clumps of bacteria were unusual in shape. Thulium was unevenly distributed; 
while one of the smaller clumps on this size class was almost totally covered 
with a low concentration of Tm (11 counts) another clump exhibited an intense 
hotspot (407 counts), on this same particle there were a number of Fe spots. 
38 
 
Tm appeared in clusters in this size class and ‘matting’ of the bacteria was 
apparent (also observed by (Van Soest et al. 1983) from wet sieving particles). 
Generally, the distribution of Tm over this sample appeared more even than 
distribution of Yb and Eu over fibrous particles. A number of other elements 
appeared prominent in the elemental spectra including Si (51 counts) and Fe (30 
counts). 
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Table 3.9d Descriptive findings of Dy metal distribution and concentration over the 
formalin-fixed rumen bacteria. 
Size class 
µm 
Description 
Dy-MP 
1200 
 
This size class strongly clumped. Some surfaces appeared smooth and flat while 
others appeared rough and undulating. From the X-Ray maps there appeared to 
be little Dy over the surface of the clumps. Dy30 shows hotspot of Dy observed 
on one of the flat sections. 
600 
 
On first appearance of this size class the bacteria appeared ‘flaky’ rather than 
the clumps observed in the 1200µm size class. From the X-Ray maps there 
appeared to be more Dy over the surface of the flakes than in the 1200µm size 
class. Hotspots observed at this size class. Dy73 showed Dy in cracks and 
‘holes’ of the bacteria clump, but not always.  
300 
 
Solid clumps and flaky sections observed in this size class. On the clumps there 
were sections where Dy appeared to be thinly and evenly spread over small 
sections of the particles. 
150 
 
Mainly ‘flakes’ of bacteria which were similar to those found in the 300µm 
sample. The method of binding was also similar to that found in the 300µm, 
with small sections of Dy binding thinly and evenly on the flat section of the 
flakes.  
75 
 
Clumps more apparent in this size class and few flakes observed. Hotspots 
prominent in this size class with spectra counts of >1000 on the flat parts of the 
clumps. 
38 
 
Bacteria aggregation strong, with little Dy in general over the whole sample. 
The clumps were in the shape of the sieve on which they dried which indicated 
matting had occurred during wet sieving of particles (Van Soest et al. 1983). 
 
Descriptive observations and images from the SEM analysis suggested that the binding of 
metals over the particles was not evenly distributed. It was apparent that Yb bound 
differently (possibly in a crystalline form) to the particulate matter than the other three 
lanthanide metals investigated. Rarely were Eu and Yb distributed evenly over the 
fibrous particles, generally they bound intensely to small defined sections of the plant 
parts which were random in nature.  The metals Dy and Tm bound more liberally over 
the clumps of bacteria; however, the concentrations of the metals were low and again 
there appeared to be no patterns regarding whether the metal would bind to rough or 
smooth sections of the bacteria clumps.  
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3.2.7 X-ray diffraction 
X-Ray diffraction was undertaken to determine the presence of crystals within the marker 
sample and hence the method of binding of the metal. This analysis was suggested (T. 
Romeo, personal communication) in order to resolve some of the questions arising from 
the SEM analysis (Section 3.2.6.2).  
 
X-Rays are of importance since, they are electromagnetic radiation of a much shorter 
wavelength; these rays are invisible and are able to penetrate many objects that are 
opaque to light. X-Ray diffraction by crystals provided a new method for investigating 
the fine structure of matter (Cullity 1978). A given substance always produces a 
characteristic diffraction pattern, whether the substance is present in the pure state or as 
one constituent of a mixture of substances. This phenomenon is the basis for the 
diffraction method of chemical analysis. Qualitative and quantitative analysis for a 
particular substance is possible and diffraction analysis is useful whenever it is necessary 
to know the state of chemical combination of the elements involved or the particular 
phases in which they are present (Cullity 1978). 
 
From information of SEM analysis, the intensity of spot size (especially for the Yb-LP 
marker) indicated distinct areas of metal on the marker particles (Section 3.2.6.2). The 
method of binding of lanthanides to the particles affects their ability to act as reliable 
digesta markers; for example, if the metal was bound in crystalline form, the crystals may 
detach from the marker particle and travel through the GIT independently. X-ray 
diffraction was therefore used to detect the presence of lanthanide metal crystals and 
hence provide possible explanations for observed marker behaviour. 
 
3.2.7.1 Methods 
Duplicate marker samples were prepared for analysis by crushing the large particle 
markers (Eu-LP and Yb-LP) to a fine powder and mounting on separate glass slides using 
water and a small cover slip. Samples of the micro-particle markers (Tm-MP and Dy-
MP) were spread directly onto separate glass slides and cover slips applied.  
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The samples were analysed immediately following preparation (Plate 3.5). Since the 
metal being investigated was known, the X-ray Diffractometer (Siemens – 
Diffraktometer D5000) was run using a Cu x-ray tube and scanning conditions; 20 – 90 
degrees in 2.25h (0.04 step size 5 s each step 40kV 40mA) to detect any crystals 
containing the metal, whether in its pure state or in conjunction with another element. 
The data from the Diffraktometer D5000 was collected using software: Diffrac Plus 
Version 2.0 from Siemens 1996. 
 
 
 
Plate 3.5 The Diffraktometer D5000 (i); view of XRD machine and (ii); view of actual 
mechanics inside the window seen in (i). Sample is at point indicated. 
 
 
 
 
 
i ii
Sample
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3.2.7.2  Results    
There was no indication of the presence of crystals in duplicate samples of Eu-LP, Dy-
MP and Tm-MP. Repeat X-ray diffraction profiles of these samples were almost identical 
in their determination of the specific metal-associated crystals (Appendix 1). Conversely, 
Yb-LP showed that Yb associated crystals had formed (Figure 3.6). An elemental 
analysis was then undertaken for Yb-LP.  
 
Figure 3.6 XRD results for Yb-LP 
 
Although the same peaks were observed in the duplicate X-ray diffraction samples, there 
was no conclusive detection of element-forming crystals with Yb; possibilities included 
silicon, germanium oxide and vanadium oxide. Tests to conclusively determine this 
element were beyond the scope of this project.   
 
 
 
Characteristic peaks
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3.2.8 Discussion 
MRT results from the pulse dose metals (Co-EDTA, Tm-MP and Yb-LP) for rabbits and 
ringtail possums; from the comparison of pulse and continuous dose (Cr-EDTA, Dy-MP 
and Eu-LP) MRTs in rabbits; and from the in vivo marker MRTs in ringtail possums 
highlighted possible inconsistencies of marker behaviour in the GIT and the ability of the 
markers to specifically label different size classes. Marker characteristics (in particular, 
particle size and metal attachment to marker particles) were investigated using particle 
size, SEM and X-ray diffraction analysis. Further research is necessary before these 
markers can be used confidently to label specific size classes. 
 
3.2.8.1 Mean Retention Times 
The current findings estimated that in non-pregnant, non-lactating New Zealand white 
rabbits (average body mass of 4.1kg), pulse dosed using stomach tubing technique and 
maintained ad libitum on a diet of pelleted lucerne meal with no inhibition of 
caecotrophy; fluid (Co-EDTA) MRT is 75.5 ± 6.7h, micro-particle (Tm-MP) MRT is 
47.2 ± 4.0h and large-particle (Yb-LP) MRT is 47.5 ± 3.8h. The current estimates of 
MRTs are not consistent with previous estimations; Laplace and Lebas (1975, 1977), 
Udén et al. (1982), Fraga et al. (1984) and Ledin (1984) reported that whole GIT MRT 
for food ranges from 9 to 30h (average 19h) and that fluid markers were retained longer 
than particle associated markers (Laplace and Lebas 1975; Sakaguchi, Kaizu and 
Nakamichi 1992). The pattern of marker removal observed in current findings was also 
unexpected as the LP marker and MP marker were very similar, it was expected that the 
MPs would more closely resemble fluid elimination patterns due to separation 
mechanisms occurring in the hindgut of the rabbit. 
 
Although identical markers were used in the 2000 ringtail possum experiment (as in the 
1999 rabbit experiment), the elimination of markers from the GIT followed a different 
pattern. In ringtail possums (average body mass of 0.7kg) maintained on Eucalyptus 
foliage supplemented with fruit; MRTs of the fluid (Co-EDTA) is 57.5 ± 3.4h, similarly, 
micro-particle (Tm-MP) MRT is 56.2 ± 4.0h, while the large-particle (Yb-LP) MRT is 
38.2 ± 3.1h. This marker elimination pattern was expected and was similar to previous 
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MRT estimations in the ringtail possum; fluids (63h) and particle markers (35h) (Chilcott 
1982). 
 
Comparison of the pulse and continuous dose estimations in the rabbit again showed a 
similar (although shorter than calculated from the pulse dose) MRT pattern. Both the 
large and micro-particle markers (Dy-MP and Eu-LP) were similar, at 36.2 ± 9.0h and 39 
± 7.9h respectively. The fluid marker, Cr-EDTA was estimated at 78.7 ± 21.9h which 
was close (3h longer) to that determined from pulse dosed Co-EDTA (75.5 ± 17.4h). 
These findings suggest that in the rabbit there is little or no size distinction between the 
large and micro-particle markers and that they behave in a similar manner. Although the 
continuous dose MRTs were less than the pulse dose MRTs and therefore more similar to 
previous MRT calculations, the segmental residence times showed wide variation 
between animals and from previous estimates. The current estimations were taken over a 
24h period, hence changes in residences times between animals are likely due to different 
events, such as caecotrophy or the CSM in operation. Using the comparative slaughter 
approach, Gidenne and Poncet (1985) found that food retention in the stomach was 3 to 
6h and in the caecum 4 to 9h. Present calculations of retention times in the stomach of 
fluids, micro- and large-particles ranged from 0.5 to 22.5h, 1.0 to 14.6h and 1.4 to 15.5h 
respectively. In the caecum these values ranged from 18.7 to 54.1h, 7.8 to 18.9h and 7.9 
to 20.5h respectively, which were much longer than expected.  
 
Marker behaviour showed further inconsistencies in the 2001 in vivo ringtail possum 
experiment, in which all six markers, identical to those fed in the 1999 rabbit and 2000 
ringtail possum experiments, were administered. MRTs calculated were greater than 
those determined for the 2000 ringtail possum experiment although the pattern observed 
in 2000 (of micro-particles closely following the fluid fraction) was maintained. Fluid 
markers (Co-EDTA and Cr-EDTA) were almost identical, 83.0 ± 11.7h and 83.5 ± 11.9h 
respectively; micro-particles (Dy-MP and Tm-MP) and large-particle marker (Eu-LP) 
were similar (77.8 ± 15.6h, 77.2 ± 13.9h and 75.4 ± 16.3h respectively). Yb-LP showed 
the greatest difference (MRT 66.4 ± 17.4h) for the particle markers. This finding suggests 
that markers are not behaving independently (Yb is the exception to this) and travelled 
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through the GIT in a similar manner with similar peaks and troughs observed in faecal 
elimination curves. 
 
A number of differences were observed in both of the animals. In the rabbits differences 
were observed between: 1) current and previous results (where the current MRTs give 
much longer estimations); and 2) pulse and continuous markers (the fluid markers were 
similar in each method of administration while the particle markers were much shorter in 
the continuous dose. The main difference between the ringtail possums was observed in 
the 2000 and 2001 experiments where identical markers gave different MRT estimates.  
In the ringtail possums the fluid fraction and micro-particle markers had similar MRTs, 
this was not observed in the rabbits, in which micro- and large-particle markers had 
similar MRTs. Although the 2000 ringtail possum experiment gave similar MRT 
estimates to previous research, both the 1999 rabbit and 2001 ringtail possum 
experiments exceeded the expected MRTs.  
 
Some of the marker findings above can be explained from three possible sources of 
variation: 1) Methodology (type of marker, time and route of administration of the 
marker and mathematical calculations); 2) the animals used (age, physiological status, 
caecotrophy prevented or not; and 3) feeding variables (food intake, particle size and 
fibre concentration of the diet (Carabano and Piquer 1998). 
 
Methodological variation in the present study did not originate from type of marker or 
mathematical calculations since these were identical; however, large differences are 
likely due to the time and route of administration. This was particularly evident in the 
ringtail possum experiments (2000 and 2001); although in both of these experiments 
animal age and physiological status were not known, caecotrophy was not prevented and 
identical foods were offered. In the first experiment the dose was administered in banana 
and condensed milk and in the second experiment the dosing medium was peanut butter. 
Identical markers given in these two mediums showed large differences, with the peanut 
butter causing an increase in the MRT, it is possible that the peanut butter caused the 
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dose to travel through the GIT as a unit; however, since Yb varied from the other particle 
markers this needs further research to clarify. 
 
The differences observed between the current rabbit experiment and those of previous 
research are likely due to differences of methodology, the animals used and feeding 
variables.  When comparing the rabbits and ringtail possums, identical markers were used 
and the differences of marker elimination patterns (the similarity of micro- and large-
particles in the rabbit and the similarity of fluids and micro-particles in the ringtail 
possum) indicate that the markers behaviour is possibly unreliable and/or the markers are 
being handled differently by the GITs of the rabbits and ringtail possums. Another 
possible explanation for the similarity of MRTs for the micro- and large-particle markers 
was recently reported by Lebas (2000) who used a new measurement method of the size 
of particle included in pelleted foods, and showed that the grinding action of the pelleting 
machine reduced the sizes of particles within the pellet to a uniform size. Since the 
continuous dose for the rabbits was administered in pelleted form, the lack of size 
definition between the micro- and large-particles can possibly be explained. However, 
pelleting does not explain the similarity in MRT of micro- and large-particles 
administered in the pulse dose which were injected directly into the stomach; this 
suggests possible uncertainties due to characteristics of the markers.  
 
Regarding MRT estimations from the continuous dose method, it has also been suggested 
by C. Allen (personal communication) that information from compartments at steady 
state are of limited value since the exact time of particle entry and exit is not known. It 
may have been more valuable to use a comparative slaughter technique approach 
(Gidenne and Poncet 1985) and measure marker passage before steady state was 
achieved. This may help explain the differences in MRTs determined from the two 
different methods of dosing.  
 
Although many of the digesta passage differences observed in the rabbit and ringtail 
possum experiments could be explained by methodology, there were still undefined 
aspects of the proposed digesta markers which may have contributed to the 
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inconsistencies observed in the MRT calculations. The analysis to define marker 
characteristics included particle size, SEM and X-ray diffraction analysis. In 
combination, these analyses provided insight into the complexity of the particle markers. 
Although the micro-particle markers were evenly coated with Dy or Tm and no 
crystalline structures were apparent, the bacteria was clumping and hence, rather than 
being the assumed 20 to 0.2µm they were covering the entire range (2400 – 0.45µm).  
The large-particle marker Eu ranged in component size particles also across the entire 
range (rather than the expected 1200 to 600µm) and Yb actually measured the 0.45µm 
size class rather than the expected 1200 to 600µm. Binding of Eu and Yb to the fibrous 
particles also differed widely and Yb bound in crystalline structures in some instances.  
Again, more research is necessary before these markers can be used confidently to mark 
specific size classes. 
 
3.2.8.2 Particle size analysis 
The particle size analysis showed clearly that the markers did not mark the size classes 
they were assumed to. However, no lanthanide metal was observed in the fluid fraction; 
this confirmed that the method of binding (Ellis and Beever 1984) was effective and any 
lanthanide metal that did not bind to the particulate matter was removed by the acid 
washing process.  
 
Another assumption of potential importance was that undigested fibrous particles 
extracted from rabbit faeces would not be further digested when used as large-particle 
markers. However, the range of undigested fibrous particles (from 1200 to 38 µm) in the 
rabbit faeces suggests that some of these particles could be further digested during 
extended passage through the GIT.  
 
Particle sizes of the markers might also be affected by mastication and chewing (Martz 
and Belyea 1986). Poppi et al. (1981b) found that mastication reduced the proportion of 
large particles by 58% and 76% for leaves and stems respectively. In the rabbits, because 
the pulse dose was administered directly to the stomach, it was assumed therefore that 
these markers would not be subjected to mastication. However, rabbits have been 
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reported to ingest (and chew) some of their hard faeces (Chapter 4 and 5). The continuous 
dose, already questionable due to the pelleting process (Lebas 2000), was also masticated 
in the rabbit. Both of the doses administered to the ringtail possums were eaten, with the 
possibility of particle breakdown by mastication of the fibrous particles. Since the teeth 
of both the rabbit and ringtail possums are designed for grinding (Section 1.3.3.1), the 
possibility of fibrous particle breakdown is high. However, further research is needed to 
test these possibilities. 
 
Differences in particle sizing have been reported by many workers. Evans et al. (1973) 
measured the length and diameter of particles retained on various sieves and suggested 
that the smaller the particle the more likely it is to be presented end-on for passage 
through the sieve; the diameter of the smallest particles collected was greater than the 
pore size (0.075 mm). They also noted that the density of digesta particles was inversely 
related to their size. Particle size distribution tends to be logarithmic (Waldo et al. 1971), 
so larger and smaller sieves are best chosen such that pore size approximately doubles 
from sieve to sieve. Faichney (1986) reported that discrepancies in particle size analysis 
can be due to the dimensions of the particles; because of their elongated shape the 
dimensions of particles retained on a sieve are not simply related to the sieve’s pore size. 
Van Soest (1975) suggested that wet sieving tended to mat the fibre so that particles were 
separated on the basis of their length, whereas in dry sieving, particles were separated 
according to their diameter. However, he provided no supporting data (Faichney 1986), 
and matting was not observed during fibrous separations in this study, although on the 
smaller size class sieves (0.45µm) it did appear that bacteria were matting over the sieve, 
possibly inhibiting flow of smaller bacterial particles. 
 
The method of wet sieving used in the present study, in which a triplicate samples were 
manually stirred in a rotary fashion as a screen was lifted through a large volume of 
water, would tend to orient the long axis of particles parallel to the screen surface. 
Consequently, the material retained by a given screen should reflect the largest dimension 
of the particles (Dixon and Milligan 1985). The mechanical sieving techniques used in 
other studies, where the orientations of particles and screens may be different (Jones and 
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Moseley 1977; Poppi et al. 1980), could result in the material retained by a given screen 
size reflecting the smaller dimensions of the particles. Consequently, differences in 
particle size distributions measured using different sieving techniques may, to a large 
extent, reflect differences in the basis of selectivity of the techniques rather than actual 
particle size differences between experiments (Dixon and Milligan 1985). 
 
Although there are currently no standard methods for particle size analysis using sieves, 
AOAC (Assoc. Offic. Anal. Chem.) International recommends the use of mechanical 
shaking of the sieves in order to ensure repeatability of results. The ‘quality’ of a sample, 
especially a particulate sample with a wide range of particle sizes, is highly significant 
for ensuring reproducibility of granulation determination (Neale 1997). A standardised 
procedure for the screen determination of particle size distribution is therefore needed 
(Neale 1997).  
 
Although the large particles were predominantly ‘large’ (600 – 1200 µm), both the 
lanthanide metals Yb and Eu bound preferentially to smaller size classes. Similar 
observations have been recorded by other workers (Huston and Ellis 1968; Poncet 1976; 
Erdman and Smith 1985; Siddons et al. 1985). The main problem identified with the 
proposed micro-particle marker was that, although the lanthanide metals appeared to be 
bound evenly over the particles, the bacteria aggregated and formed ‘particles’ that were 
difficult to disperse. Clumping of bacteria due to formalin-fixing has also been observed 
by (Baker 1985a). The rumen bacteria used for the micro-particle markers are also 
diverse in size and shape and need further research prior to use as micro-particle markers.  
 
3.2.8.3 Rumen bacteria  
Formalin was used in the fixation of the rumen bacteria for the micro-particle markers. 
The decision to used formalin-fixed rumen bacteria as micro-particles originated from 
observations by Faichney and White (1977), who reported that a barley/soybean meal 
diet over-treated with formalin resulted in reduced absorption of amino acids in the small 
intestine in ruminants.   
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Formalin-fixation involves the formation of cross-links between protein end-groups; the 
groups particularly involved in the fixation of proteins by formaldehyde are amino, imino 
and amido, peptide, guanidyl, hydroxyl, carboxyl, SH and aromatic rings (Pearse 1980). 
Aggregation or ‘clumping’ of rumen bacteria due to formalin-fixation and methods to 
reduce this problem have been reported Rye and Wiseman (1967) used sodium chloride 
solutions containing 0.2% formaldehyde to dilute microbial samples prior to counting 
with a Coulter counter. The diluents were buffered at pH 7.5 to prevent any changes in 
the surface charges of cells that could promote aggregation (Baker 1985a). Toennies et 
al. (1961) emphasized the importance of sizing bacteria soon after dilution as they noted 
that when streptococci were diluted in formaldehyde, counts were erratic and the diluted 
suspensions of bacteria seemed to be less stable than the original samples. However, they 
did not specify the composition of the diluent or the concentration of formaldehyde.  
 
The effectiveness of formalin-fixation was described by Rye and Wiseman (1967); in the 
absence of formaldehyde, cells of E. coli continued to increase in size and divide after 
dilution in sodium chloride solution, but with the addition of 0.2% formaldehyde there 
were no changes in the population for up to four hours after dilution.  The total cell count 
of E. coli increased by 7% after two hours in diluent containing 0.005% formaldehyde, 
but no changes were apparent in diluents containing 0.05% or 0.10% formaldehyde. 
Baker (1985a) reported that during prolonged storage of rumen samples diluted in 1:1 
formol saline, clumps of small cocci were gradually disrupted and large protozoa lysed. 
Formaldehyde treatment of feedstuffs has also been shown to decrease MRT through the 
hindgut due to a direct effect of formaldehyde on GIT motility (Faichney 1975a).  
 
Rumen bacteria in the rumen contents are found free in the rumen fluid, in clumps or 
attached tenaciously to particles or to protozoa (Baker 1985b). Darbyshire (1973) used 
several drops of sodium hydroxide to disperse clumps of soil bacteria, and Minato and 
Suto (1976) reported that, at pH 10 in an unspecified medium, the proportion of rumen 
bacteria attaching to starch grains was less than at more acidic pHs. In agreement, Baker 
(1985a) reported that the bacteria tend to clump in an acid medium (pH 5).  Sodium 
hydroxide (10mM or 100 mM) or Tween 80 alone were ineffective in breaking up clumps 
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of bacteria or in removing bacteria from particles of digesta, but were effective in 
combination (Baker 1985a). 
 
Thus there is evidence that formalin and low pH promote bacterial aggregation. These 
previous findings should have been taken into consideration in the research proposal and 
alternate methods investigated to utilise rumen bacteria size and shape necessary for the 
required particle size description. Further research is needed to define the structure of 
microbes present in the GIT of the rabbit and ringtail possum to determine whether 
formalin-fixed rumen bacteria are representative of bacteria flow in these hindgut 
fermenters.  
 
The micro-particle markers in the current research were assumed to be of specific size, 
shape and composition. Previous research however, has indicated diversity in these 
components of rumen bacteria, all of which affect the behaviour of the marker. The 
microbial species that inhabit the reticulo-rumen are morphologically and functionally 
diverse (Krause and Russell 1996). They include eubacteria, archaea, protozoa, and 
chytrid fungi; the inhabitants of the rumen environment have been described in 
comprehensive reviews (e.g. Baker and Dijkstra 1999). Rumen bacteria are mainly 
mesophilic, chemo-organotrophic, strictly anaerobic eubacteria (Stewart and Bryant 
1988). About 1010 to 1011 bacteria are present per gram of rumen digesta (Wallace 1995).  
 
The rumen microbial population has a definite structure that is related to cell size. There 
are many more small organisms than there are large organisms; Baker (1985a) found that 
more than three quarters of the rumen bacteria have cell diameters less than 0.80 µm, yet 
they contribute only about 20% of the bacterial biomass (Baker 1990). Numerically the 
bacteria predominate in the microbial population, followed by the protozoa.  
 
Munyard and Baker (1994) used a Coulter counter to determine the size structure of the 
rumen microbial population (where cell size is expressed as the diameter of a sphere of 
the same volume as the cell regardless of morphology). They reported that there were 
clear differences between the cell sizes and morphologies of organisms present in the 
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different fractions. Plant debris was <1% of particles in the size range 30 - 100µm while 
it accounted for 1% in the 10 – 30µm size range and 5% in the 3 - 10µm. Micro-
organisms differ appreciably in size (over a size range of five orders of magnitude from 
ca. 10-2µm3 to ca. 106 µm3) and shape. Numerically small cocci and rod-shaped bacteria 
predominate; there are fewer large bacteria and phycomycete zoospores, and still fewer 
protozoa (Baker 1990).  Bacteria far outnumber plant fragments of the same size (Warner 
1962; Hungate 1966; Baker 1985a, b).  It was unlikely that plant fragments would 
contribute significantly to the direct count or to the size distribution of rumen bacteria 
determined with a Coulter counter, and this was borne by the close agreement between 
the size distributions of rumen bacteria derived from Coulter counts and from 
photomicrographs (Baker 1985a).  
 
Another factor which will affect the composition of the bacterial population is whether it 
is liquid associated bacteria or solid associated bacteria. Faichney et al. (1997) measured 
the MRTs associated with liquid and solid associated bacteria and concluded that the 
liquid associated were probably solid associated bacteria ‘in transit’ between particles. 
Rodriguez et al. (2000) determined the effect of the feed intake on the chemical 
composition of bacteria associated with the solid and liquid associated bacteria fraction of 
rumen digesta. Bacteria associated with the solid fraction of rumen digesta were 
predominant in rumen contents and liquid associated bacteria represents only a small 
fraction of the total bacterial population (Legay-Carmier and Bauchart 1989). Moreover, 
it has been demonstrated that the chemical composition (Merry and McAllan 1983; 
Bauchart et al. 1986; Legay-Carmier and Bauchart 1989; Rodriguez et al. 2000) and the 
metabolic functions (Latham 1980; Williams and Strachan 1984) of both bacterial 
populations are different. The rumen bacteria collected for use in this study were 
predominantly liquid associated bacteria, hence more research needs to be undertaken to 
determine the amino acid components and the extent to which formalin will bind. The 
need to further investigate the rumen bacteria used in the present study arose from Pearse 
(1980) who stated that ‘the reactions of formaldehyde with tissue proteins are numerous 
and complex, since it can combine with a number of different functional groups, in many 
cases forming bridging links between them’. 
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Further problems were identified in the micro-particle marker since the research proposal 
suggested that the bacteria be formalin-fixed prior to marking with lanthanide metals. It is 
known that formalin ‘tans’ the cells by binding amino acid groups, and therefore, the 
number of ‘attachment’ sites on the cells for the metal are reduced (S. Baker, personal 
communication). Size and shape of rumen bacteria were also not compared to the bacteria 
found in the GIT of folivorous marsupials. Due to the wide difference in diet between 
ruminants and folivorous marsupials the microbial populations are expected to be widely 
different in composition and therefore size structure. Since the model was reliant on 
particle size this was a critical aspect overlooked in the proposed markers. 
 
From the findings of previous research, the use of the term ‘rumen bacteria’ to define the 
particle size of the ‘micro-particle’ marker is too broad (five orders of magnitude 
difference) and a precise definition of the rumen bacteria characteristics is required not 
only to clarify the size range of rumen bacteria but also to further understand the problem 
of clumping observed during formalin fixation. Until these issues can be clarified the 
ability of this micro-particle marker to trace the flow of bacteria in the GIT of the rabbit 
and ringtail possum is limited. It is therefore suggested that the method of marker 
preparation of formalin-fixed rumen bacteria be reconsidered. 
 
3.2.8.4 Particle marker profiles  
The properties of each of the metals used in the preparation of particle markers are 
summarised in Tables 3.10a, b, c and d (Handbook or Chemistry and Physics -73rd 
Edition; The Merck Index – 11th Edition). The profiles show that although lanthanide 
metals are similar in chemical behaviour, each metal has particular properties relevant to 
its usefulness in digesta marker studies.  
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Table 3.10a Marker profile for Dysprosium 
Marker Profile : Dysprosium (Gr. dysprositos, hard to get at) 
Chemical symbol :Dy 
Atomic number : 66                                     
Atomic mass : 162.50 
Melting point : 1412°C 
Boiling point: 2567°C 
Density / Specific gravity: 8.551.cm-3  (25°C) 
Valence: 3 
Metal type : Lanthanides Inner transition metals 
A rare earth metal of the Yttrium group  
History: Discovered in 1886 by Lecoq de Boisbaudran, but not isolated. Neither the oxide nor the 
metal was available in relatively pure form until the development of ion-exchange separation and 
metallographic reduction techniques by Spedding and associates about 1950.  
Occurrence: Dy occurs along with other lanthanide elements in a variety of minerals such as 
xenotime, fergusonite, gadolinite, euxenite, polycrase, and blomstrandine. The most important sources 
are, however, from monazite and bastnasite.  
Abundance in the earth’s crust: 4.5-7.5 ppm. Occurs in gadolinite, xenotime, samarskite and other rare 
earth minerals.  
Properties: Dy can be prepared by reduction of the trifluoride with calcium. The element has a 
metallic, bright silver lustre. It is relatively stable in air at room temperature, and is readily dissolved, 
with the evolution of hydrogen, by dilute and concentrated mineral acids. It forms a white oxide known 
as dysprosia; and with other elements, forms several brightly coloured salts. The metal is soft enough 
to be cut with a knife and can be machined without sparking if overheating is avoided.  Small amounts 
of impurities can greatly affect its physical properties.  
Seven naturally occurring isotopes: 156 (0.052%); 158 (0.090%); 160 (2.294%); 161 (18.88%); 162 
(25.53%); 163 (24.97%); 164 (28.18%) and artificial radioactive isotopes: 149-155; 157; 159; 165-167. 
Other applications: While Dysprosium has not yet found many applications, its thermal neutron 
absorption cross-section and high melting point suggest metallurgical uses in nuclear control 
applications and for alloying with special stainless steels. A Dysprosium oxide-nickel cermet has found 
use in cooling nuclear reactor rods. This cermet absorbs neutrons readily without swelling or 
contracting under prolonged neutron bombardment.  
In combination with vanadium and other lanthanide metals, Dy has been used in making laser 
materials. Dy-cadmium chalcogenides, as sources of infrared radiation, have been used for studying 
chemical reactions.  
Dysprosium and its compounds are among the most highly susceptible to magnetisation of all 
substances and are used in special magnetic alloys. Dy is used with argon in mercury-vapor lamps to 
give a higher light output and balance the colour spectrum. 
Safety precautions: As with other lanthanides, dysprosium has a low-to-moderate acute toxic rating, 
and should be handled with care. 
Type of marker : Micro-particle (rumen bacteria) 
Form of metal being used: Dysprosium Oxide - Dy2O3 (dysprosia) White substance. Prepared by 
hearting the oxalate or sulphate. 
Commercial source of Dy2O3: Merck® 
Method of Administration : Continuous dose (given as a daily dose) 
ICPMS Correction Equation: for Perkin Elmer Elan 5000 (Section 3.4.4) 
IF([Dy] >0,IF([Dy] <2084,1.042*[Dy],0.868*[Dy] +177.1),0) 
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Table 3.10b Marker profile for Thulium 
Marker Profile : Thulium (Thule, the earliest name for Scandinavia) 
Chemical symbol :Tm 
Atomic number : 69                                       
Atomic mass : 168.93421 
Melting point : 1545°C 
Boiling point: 1950°C 
Density / Specific gravity: 9.321g.cm-3  (25°C) 
Valence: 3 
Metal type : Lanthanides Inner transition metals 
A rare earth metal of the Yttrium group  
History: Discovered in 1879 by Cleve in crude erbium oxide: Cleve, Compt. Rend 89, 478,521,708 
(1879). 
Obtained in a state of high purity by fractional crystallisation of its bromide: James, J. Am Chem. Soc. 
32, 517 (1910); 33, 1332 (1911).  
Occurrence: Tm occurs in small quantities along with other lanthanide metals in a number of 
minerals. It is obtained commercially from monazite, which contains about 0.007% of the element. 
Thulium is the least abundant of the lanthanide metal elements, but with new sources recently 
discovered, it is now considered to be about as rare as silver, gold and cadmium.  
Estimated abundance in the earth’s crust: 0.2-1 ppm. Found in small quantities in euxenite, ytterspar, 
sipylite, gadolinite, and other lanthanide metals.  
Thulium is the rarest of the “abundant earths”  
Properties: Thulium can be isolated by reduction of the oxide with lanthanum metal or by calcium 
reduction of the anhydrous fluoride. The pure metal has a bright silvery lustre. It is reasonably stable in 
air, but the metal should be protected from moisture in a closed container. The element is silver-grey, 
soft, malleable, and ductile, and can be cut with a knife. Twenty five isotopes are known, with atomic 
masses ranging from 152 to 176. Natural thulium which is 100% 169Tm, is stable. Other artificial, 
radioactive isotopes include: 153; 154; 161-168; 170-176. Separation from other lanthanide metals by 
ion exchange. 
Tm is a typical heavy lanthanide with chemistry similar to Yttrium (Y). Its most specific property is, 
upon appropriate excitation, an emission in the blue. The luminescence of Tm, for example, under X-
ray excitation is in the near u.v.(=375nm) and blue (≅465nm), closely matching the sensitivity of 
normal photographic film. 
Other applications: Because of the relatively high price of the metal, Tm has not yet found many 
practical applications. 169Tm bombarded in a nuclear reactor can be used as a radiation source in 
portable X-ray equipment. 171Tm is potentially useful as an energy source. Natural Thulium also has 
possible use in ferrites (ceramic magnetic materials) used in microwave equipment. 
As Tm: LaOBr, it is used in sensitive X-ray phosphors to reduce X-ray exposure.  
Safety precautions: As with other lanthanides, thulium has a low-to-moderate acute toxic rating. It 
should be handled with care. 
Type of marker : Micro-particle (rumen bacteria) 
Form of metal being used: Thulium Oxide – O3Tm2 (thulia). A dense powder of greenish-white 
colour. Prepared by igniting the oxalate: dissolves slowly in strong acids: exhibits a reddish glow on 
gentle heating. 
Commercial source of O3Tm2: Merck® 
Method of Administration : Pulse dose (given as a single dose) 
ICPMS Correction Equation: for Perkin Elmer Elan 5000 (Section 3.4.4) 
IF([Tm]>8,IF([Tm] <640,( [Tm] -8)*80/79,0.894*[Tm] +68.234),0) 
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Table 3.10c Marker profile for Europium 
 
 
Marker Profile : Europium (from Europe) 
Chemical symbol :Eu 
Atomic number : 63                                      
Atomic mass : 151.965 
Melting point : 822°C 
Boiling point: 1527°C 
Density / Specific gravity: 5.244cm-3  (25°C) 
Valence: 2 or 3 
Metal type : Lanthanides Inner transition metals 
A rare earth metal of the Yttrium group  
History: In 1890 Boisbaudran obtained basic fractions from samarium-gadolinium concentrates which 
had spectral lines not accounted for by samarium or gadolinium. These lines have subsequently been 
shown to belong to Europium. The discovery of europium is generally credited to Demarcay, who 
separated the lanthanide metals in reasonably pure form in 1901. The pure metal was not isolated until 
recent years. 
Occurrence: Bastnasite and monazite are the principal ores containing europium. Europium has been 
identified spectroscopically in the sun and certain stars. Seventeen isotopes are now recognised.  With 
the development of ion-exchange techniques and special processes, the cost of the metal has been 
greatly reduced in recent years. Europium is one of the rarest and most costly of the lanthanide metals. 
Abundance in the earth’s crust: 0.14-1.1ppm. Occurs in monazite sand, gadolinite.  
Properties: Europium is now prepared by mixing Eu2O3 with a 10% excess of lanthanum metal and 
heating the mixture in a tantalum crucible under high vacuum. The element is collected as a silvery-
white metallic deposit on the walls of the crucible. As with other lanthanide metals, except for 
lanthanum, europium ignites in air at about 150 -180°C.  Europium is about as hard as lead and is 
quite ductile. It is the most reactive of the lanthanide metals, quickly oxidising in air. It resembles 
calcium in its reaction with water it tarnishes quickly in air at room temperature. Twenty-one isotopes 
of europium are known, most of them are unstable. Two naturally occurring isotopes: 151Eu (47.77%); 
153Eu (52.23%) and artificial, radioactive isotopes: 143-150; 152; 154-160 (1) 
Its physical properties are like those of the other members of the lanthanide series, but many of its 
chemical properties are more like those of calcium.  
Other applications: Europium isotopes are good neutron absorbers and are being studied for use in 
nuclear control applications. Europium oxide is now widely used as a phosphor activator and 
europium-activated yttrium vanadate is in commercial use as the red phosphor in colour TV tubes. Eu 
doped plastic has been used as a laser material. 
Safety precautions: As with other lanthanides, europium has a low-to-moderate acute toxic rating. It 
should be handled with care. 
Type of marker : Large-particle (fibrous matter) 
Form of metal being used: Sesquioxide, Eu2O3, (Europia) Pink powder, d 7.42 prepared by heating 
the hydroxide, nitrate, oxalate or sulphate at 1600°C. The oxide of the divalent metal is prepared by 
reduction of the sesquioxide at elevated temperatures.  
Commercial source of Eu2O3 :  Merck® 
Method of Administration : Continuous dose (given as a daily dose) 
ICPMS Correction Equation: for Perkin Elmer Elan 5000 (Section 3.4.4) 
IF([Eu]>20,IF([Eu]<850,(B7-20)*85/83,0.8776*[Eu]+104.78),0) 
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Table 3.10d Marker profile for Ytterbium 
Marker Profile : Ytterbium (Ytterby, village in Sweden)  
Chemical symbol :Yb 
Atomic number : 70                                    
Atomic mass : 173.04 
Melting point : 819°C 
Boiling point: 1196°C 
Density / Specific gravity: (α) 6.903cm-3  (25°C) / (β)6.966 cm-3  (25°C) 
Valence: 2 or 3 
Metal type : Lanthanides Inner transition metals 
A rare earth metal of the Yttrium group  
History: Marignac in 1878 discovered a new component, which he called ytterbia, in the earth then 
known as erbia. In 1907, Urbain separated ytterbia into two components, which he called neoytterbia 
and lutecia. The elements in these earths are now known as ytterbium and luteium, respectively. These 
elements are identical with aldebaranium and cassiopeium, discovered independently and at about the 
same time by von Welsbach.  The element was first prepared by Klemm and Bonner in 1937 by 
reducing ytterbium trichloride with potassium. Their metal was mixed however with KCl. Daane, 
Dennison, and Spedding prepared a much purer form in 1953 from which the chemical and physical 
properties of the element could be determined. 
Occurrence: Ytterbium occurs along with other lanthanide metals in a number of rare minerals. It is 
commercially recovered principally from monazite sand, which contains about 0.03%.   Ion-exchange 
and solvent extraction techniques developed in recent years have greatly simplified the separation of 
the lanthanide metals from one another.  
Estimated abundance in earth’s crust: 2.7 – 8 ppm. Occurs in xenotime, ytterbite (gadolinite), and 
monazite.  
Properties: Ytterbium has a bright silvery lustre, is soft, malleable, and quite ductile. While the 
element is fairly stable, it should be kept in closed containers to protect it from air and moisture. Yb is 
readily attacked and dissolved by dilute and concentrated mineral acids and reacts slowly with water. 
Ytterbium has three allotropic forms with transformation points at      -13° and 795°C. Although it is 
part of the lanthanide series, some of its chemical and physical properties more closely resemble 
calcium, strontium and barium. It exhibits allotropy; at room temperature a face-centred cubic 
crystalline form is stable.  The metal tarnishes slowly in air and reacts slowly with water but rapidly 
dissolves in mineral acids. 
Seven naturally occurring isotopes: 168(0.140%); 170(3.03%); 171(14.31%); 172 (21.82%); 
173(16.13%); 174(31.84%); 176(12.73%); artificial radioactive isotopes: 154; 155; 162; 164-167; 169; 
175; 177.  
Other applications: Ytterbium metal has possible use in improving the grain refinement, strength, and 
other mechanical properties of stainless steel. One isotope is reported to have been used as a radiation 
source as a substitute for a portable X-ray machine where electricity is unavailable. Few other uses 
have been found. 
Safety precautions: Ytterbium has a low acute toxic rating. It should be handled with care. 
Type of marker : Large-particle (fibrous matter) 
Form of metal being used: Oxide O3Yb2 (ytterbia). Colourless mass. Soluble in dilute acids.  
Commercial source of O3Yb2: Merck® 
Method of Administration : Pulse dose (given as a single dose) 
ICPMS Correction Equation: for Perkin Elmer Elan 5000 (Section 3.4.4) 
IF([Yb]>0,IF([Yb] <277,1.0541516*[Yb],0.8888*[Yb] +46.081),0) 
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3.2.8.5 Published findings on the lanthanide metals used 
The use of lanthanide metals for determining particulate passage rates has received 
considerable attention (Ellis 1968; Hartnell and Satter 1979b; Teeter et al. 1979; Ellis and 
Beever 1984).  The lanthanide metals possess a number of properties which suggest their 
suitability as indigestible markers (Ellis 1968). In addition to being essentially 
indigestible by mammals (Hamilton 1947; Garner et al. 1960), they become tightly bound 
to plant material (Morgan 1959; Ellis 1968) and, therefore are expected to flow through 
the GIT in close association with indigestible feed residues (Ellis 1968). Metal atoms are 
also easier to identify and quantify than are organic compounds (Udén et al. 1980). 
Therefore, the preparation of metal complexes with plant fibre is attractive, provided the 
bonding remains intact in the GIT. Elements which may have suitable properties include 
trivalent and tetravalent species which form strong ligands with plant cell wall 
components (Udén et al. 1980).  
 
All members of the lanthanide series closely resemble lanthanum and one another in their 
chemical and physical properties; as the atomic number increases in this series added 
electrons enter the 4f electron orbital. Chemically, they are about as reactive as calcium 
and all form divalent or tetravalent compounds (Molycorp Inc. 2001). The lanthanides 
have similar sizes so that any given compound of the lanthanides is likely to crystallise 
with the same structure as any other lanthanide. However, the lattice parameters become 
smaller and the crystals denser as compounds proceed across the series, providing a 
possible explanation for the observation of Yb-crystals in the Yb-LP marker. The 
periodic table (Figure 3.7) shows the position of the lanthanide series, and the elements 
used in this study (europium, dysprosium, thulium and ytterbium) are highlighted. 
 
The lanthanides used in this study were in the form of oxides (Ln2O3). Sesqui-oxides are 
stable, well-defined solids usually obtained as the final product of the calcination in air of 
most Ln metals and Ln salts such as oxalates, carbonates and nitrates. This is a 
consequence of the high thermodynamic affinity of the lanthanide elements for oxygen 
and the stability of the Ln (III) valence state. 
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Figure 3.7 Periodic table, with the location of lanthanide metals of interest highlighted; 
Yb is the largest.  
 
 
The lanthanide oxides have the greatest, most negative, standard free energies of 
formation for any oxides, accounting for their exceptional thermodynamic stability. Table 
3.11 summarises some of the physical and chemical properties of the lanthanide series. 
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Table 3.11 Basic physico-chemical data for the Oxides (LnmOn): Adopted from 
Molycorp Inc. 2001  
Ln Stable 
oxide 
Formula  
Wt 
Element 
% 
Colour Structure 
Type 
Density 
gcm-3 
m.pt 
°C 
Eu Eu2O3 351.9 86.4 White B/C 7.3 2350 
Dy Dy2O3 373.0 87.1 White C 8.2 2408 
Tm Tm2O3 385.9 87.6 Pale 
green 
C 8.9 2425 
Yb Yb2O3 394.1 87.8 White C 9.2 2435 
 
The chemical similarities of the lanthanide metal group have been proposed to allow 
freedom when selecting the element or isotope most suitable for a particular application 
or analytical capability (Ellis 1968). This however does not mean that the lanthanide 
metals are identical and able to be used interchangeably, particularly when marker 
substrate conditions differ (Ellis et al. 1979; Teeter et al. 1981a).   
 
The present study (from SEM and X-ray diffraction results) shows differences in the 
attachment of the lanthanide metals (Dy, Eu, Tm and Yb) to different marker substrates. 
The four lanthanide metals under investigation vary in chemistry (as shown in the marker 
profiles Section 3.2.8.4 and Table 3.11) and therefore attachment to marker substrates 
also varies. 
 
Both Dy and Tm bound to formalin-fixed rumen bacteria in thin sections over different 
areas of the clumps, with no preference apparent for either smooth or rough surfaces. It 
was apparent that the lanthanide metals bound randomly to different sections of the 
bacterial clumps. Eu and Yb were used to label fibrous particles and also bound to both 
rough and smooth surfaces. The type of attachment between the lanthanide metals and 
fibrous particle differed between the two metals; Eu attached in small sections over the 
surface of the particle while Yb attached in dense clumps (confirmed as crystals by 
XRD). Yb and Eu preferentially attached to smaller particles as observed by Siddons et 
al. (1985). Binding affinity or binding capacity of particulate matter for Yb (and therefore 
the other lanthanide metals) has been shown to vary with the type of particulate matter, 
indicating that: 1) the functional groups that bind lanthanide metal vary with the 
feedstuff; 2) the molecular environment of functional groups varies with the feedstuff; or 
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3) some types of particulate matter from multiple bonds with lanthanide metal (Teeter et 
al. 1984).  
 
Lanthanide metals have been used to label foodstuffs for study of passage rates with 
homogenous (Coombe and Kay 1965; Ellis 1968; Miller et al. 1971) and heterogenous 
diets (Hartnell and Satter 1979b; Teeter and Owens 1981a). Although small amounts of 
lanthanide metals can migrate between feed particles (Hartnell and Satter 1979a; Teeter 
et al. 1979), passage of elements should represent passage rate of labelled constituents. 
The adsorption of low concentrations of certain metals (mostly the lanthanide metals) 
onto food particles has been used for tagging food (Marcus and Lengeman 1962; Miller 
et al. 1967; Ellis 1968; Huston and Ellis 1968; Tan et al. 1971; Luckey et al. 1975; 
Poncet 1976). The adsorption occurred at concentrations approximately equal to the 
molar solubility of the corresponding hydroxide (10-7 – 10-6M) (Ellis and Huston 1968) 
and was probably due to cation exchange (Udén et al. 1980).  
 
Most research has been done using Dy and Yb, some has used Eu, but no published 
research using Tm was found. The similarities within the lanthanide metal group mean 
that lanthanide metals have been used interchangeably.  However, findings of this study 
suggest that further research of the lanthanide metal group is required before lanthanide 
metals can be used interchangeably with confidence. 
 
Of the lanthanide metals used in previous research, Yb has been used predominantly; 
(Teeter et al. 1981a; Robinson and Sniffen 1983; Teeter et al. 1984; Coleman et al. 1984; 
Judkins et al. 1984; Dhanoa et al. 1985; Erdman and Smith 1985; Krysl et al. 1985; 
Siddons et al. 1985; Worrell et al. 1986; Quiroz et al. 1988; Beauchemin and Buchanan-
Smith 1989; Moore et al. 1992; Huhtanen and Kukkonen 1995). Dy has been used and 
recommended by Ellis (1968), Young et al. (1976), Teeter et al. (1981) and Goetsch and 
Galyean (1983). However, Harbers et al. (1981b) investigated surface characteristics of 
dysprosium oxide atomised onto foodstuffs using SEM and concluded that dysprosium 
oxide could not be recommended as an inert marker when atomised onto foodstuffs due 
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to the random nature of this form of binding. Ellis (1968) suggested Eu as a replacement 
for Dy due to similar findings when used as digesta markers.  
 
Apart from the lanthanide metal used, it was also observed in this study and in previous 
research that the biological material to which the lanthanide metal is bound also has an 
important role in the effectiveness of binding. Teeter et al. (1984) identified a number of 
factors related to the foodstuff which will inhibit or enhance binding. These include: 1) 
The functional groups that bind the lanthanide metal vary with the feedstuff; 2) The 
molecular environment of functional groups varies with the feedstuff; and 3) Some types 
of particulate matter form multiple bonds with lanthanide metals (Yb in particular). 
 
Although the lanthanide metals have bound irreversibly to the particulate matter 
(confirmed from information from the particle size analysis); the binding sites on the 
particles and the method of lanthanide metal binding have not been identified. Harbers et 
al. (1981a, b) and Harbers et al. (1982a, b), were also unable to explain the distribution of 
the lanthanide metals over the particulate matter due to the inconsistency of metal 
distribution over the particle. 
 
Before the markers can be labelled as ‘large’ and ‘micro’, a number of investigations 
must be undertaken to understand the ability of the lanthanide metals to mark the fibrous 
particles and the rumen bacteria. This however, must be done in addition to investigations 
of the actual marker particles (i.e. rumen bacteria and fibrous particles extracted from 
rabbit faeces). The method of lanthanide binding (Ellis and Beever 1984) appears 
satisfactory for removing unbound metal. However, more research is needed to determine 
binding sites on the marker particles to increase the amount and distribution of 
‘irreversibly-bound’ metal on the surface of the marker particles. 
 
3.2.9 Conclusion 
The fluid markers Cr-EDTA and Co-EDTA appear to satisfactorily reflect the passage of 
fluids through the GIT, although they gave longer than expected MRTs in the rabbit 
compared with previous research. MRTs calculated from pulse and continuous doses, 
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particle size analysis, the in vivo marker experiment, and SEM and X-ray diffraction all 
indicated irregularities in the particulate markers. The large particle markers were the 
intended size, but the lanthanide metals (Yb and Eu) were not necessarily found attached 
to these size classes. Yb preferentially bound to the smaller size classes (0.45µm) while 
Eu attached across the size-class range (2400 – 0.45µm particularly at the 150µm). 
Although the lanthanide metals (Dy and Tm) attached more evenly over the surface of the 
micro-particles, clumping of the bacteria meant that the size classes were much greater 
than assumed. Tm, like Eu, marked across particles the size-class spectrum (particularly 
at 0.45µm) while Dy marked predominantly at 600 - 2400µm and 3µm.  
 
Thus, although Marker assumption 1 was supported for fluid markers, it is clear that more 
research is required for micro- and large-particle markers. The limitations caused by size 
class have large impacts on the predictive power of the proposed model (Chapter 5).  
 
 
3.3   Marker assumption 2 
That markers associate with digesta particles of the same size classes  
 
3.3.1 Introduction 
For a marker to yield information of value on digesta passage it must closely associate 
with and behave as the natural digesta passing through the GIT. This assumption is based 
on the third criterion of an ‘ideal marker’; that the marker “must be physically similar to 
or intimately associated with the material it is to mark” (Faichney 1993).  
 
Three analyses were used to test the above assumption: 1) observations from faecal 
elimination curves of the rabbits and ringtail possums; 2) comparison of the densities of 
the particle markers and digesta components; and 3) in vitro hydrolysis to determine the 
extent of fluid marker movement. It was expected that the observed faecal elimination 
curves would be unique for each marker, that the fluids and micro-particles should be 
similar, but that the large-particle marker would show large differences in patterns of 
appearance in the faeces as a result of recycling of micro-particles and fluids (thus 
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confirming or contesting findings from Marker assumption 1 regarding actual size class 
of particle markers). The density of the particle markers should be similar to that of the 
digesta they mark and the fluid markers (Cr-EDTA and Co-EDTA) should only be found 
in the fluid fraction in the hydrolysis. 
 
3.3.2 Faecal elimination curves 
Faecal elimination curves graph the appearance of the markers in the hard pellets and can 
be used to compare the passage of the three markers (large particles, micro-particles and 
fluids). Patterns of elimination can be observed from these curves including effect of 
dilution on the markers by food consumed and the recycling of markers indicated by 
circadian pulses in marker concentration. VanSoest et al. (1983) (Figure 3.8) describes 
the principal methods for expressing passage and retention time. The first appearance of 
the marker indicates the transit time through the GIT; the peak time is the time of 
maximal marker concentration in the faeces; and the MRT is the average time the marker 
is retained in the GIT. These parameters describe the passage of markers though the GIT, 
their interaction with each other and with natural digesta. 
 
3.3.2.1  Methods 
The faecal elimination curves were established from the data sets used for the calculation 
of MRTs in Section 3.2.2 for the pulse dose markers. Graphs were generated for the 
rabbits and ringtail possums in STATA and Excel. The data graphed in STATA for each 
animal were either as the percentage of pulse dose metal (Co-EDTA, Tm-MP or Yb-LP) 
remaining in the rabbit or ringtail possum GIT from time 0 to 400 h, or as the percentage 
of pulse dose metal (Co-EDTA, Tm-MP or Yb-LP) eliminated in the rabbit or ringtail 
possum faeces from time 0 to 400 h. Finer details of data were displayed in Excel graphs 
to show total µg metal found in faeces at each collection interval (h) after dosing. 
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Figure 3.8 Terms used in passage data adapted from (Van Soest, 1983). Transit time 
(time to first appearance); 80 to 5% retention time and peak time are descriptive 
evaluations. Mean time is the weighted average time for the appearance of marker in the 
faeces. 
 
 
3.3.2.2 Results 
STATA plots (Figures 3.9a and 3.9b respectively) indicate that for both rabbits and 
ringtail possums the time taken for Co-EDTA to be cleared from the GIT was longer than 
those for Tm-MP and Yb-LP. In the rabbits, Tm-MP and Yb-LP followed similar, almost 
identical elimination curves. A faster clearance of Yb-LP was observed from the ringtail 
possums. Recycling was apparent for all markers in the rabbits (recycling is observed as 
‘steps’ in the output of marker elimination) and was obvious for the ringtail possums.  
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Figure 3.9a Percentage of pulse dose metal (Co-EDTA, Tm-MP or Yb-LP) remaining in 
the rabbit GIT from time 0 to 400 h. Where bdyco (tm or yb) = ‘body Co’, i.e. the amount 
of Co remaining in the body at time t. 
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Figure 3.9b Percentage of pulse dose metal (Co-EDTA, Tm-MP or Yb-LP) remaining in 
the ringtail possum GIT from time 0 to 400 h. Where bdyco (tm or yb) = ‘body Co’, i.e. 
the amount of Co remaining in the body at time t. 
 
 
Figures 3.10a and Figure 3.10b show the percentage of marker elimination in the faeces 
of the rabbits and ringtail possums respectively from time 0 to 400 or 600h. Again, 
recycling was observed in the rabbits, with Co-EDTA eliminated at a slower rate than the 
particle markers, and association of Tm-MP with Yb-LP is apparent. Similar findings 
were apparent for the ringtail possums. 
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Figure 3.10b Percentage of pulse dose metal (Co-EDTA, Tm-MP or Yb-LP) eliminated in
the ringtail possum faeces from time 0 to 400 h. Where pctco (tm or yb) = % metal
accumulated in the faeces.
Figure 3.10a Cumulative percentage of pulse dose metal (Co-EDTA, Tm-MP or Yb-LP)
eliminated in the rabbit faeces from time 0 to 600 h. Where pctco (tm or yb) = % metal
accumulated in the faeces. 
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Figure 3.11 (i) and (ii) in Excel show total µg of each metal produced at each collection 
(h after dosing) for a sample ringtail possum and sample rabbit respectively. These 
graphs confirm the patterns of the STATA graphs; recycling was observed and the close 
association between markers was apparent. The figures show that increases and decreases 
of marker concentration were evident in similar (almost identical) patterns for each 
marker, indicating that the three markers did not move independently but in association 
with each other through the GIT. This pattern was observed for all seven rabbits and all 
seven ringtail possums. Thus the markers were not necessarily associating with the 
natural digesta in the GIT and therefore not behaving as natural components of the 
digesta. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11 Excel plots of the total amounts of metal eliminated at time (h) after pulse 
dose administration (i) possum number five and (ii) rabbit number nine. 
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3.3.3 Density 
Although particle size of markers is important, numerous researchers (e.g. Ehle and Stern 
1986) have shown from faecal marker recovery that density is an even more critical 
property affecting passage. Three methods of density determination were used in this 
study; however, due to lack of time and experimental equipment two were discontinued. 
The two experiments discontinued were the establishment of a ‘density column’ in which 
marker and digesta samples could be suspended and separated by their specific density. 
Since the density of the column is known the density of the different digesta components 
can be determined. The second was the determination of density directly by determining 
mass and volume of a sample and applying the equation density = mass / volume (R. 
Lentle, personal communication).  
 
The method used to determine density of GIT components and marker samples was that 
of a German company, Rubotherm Präzisionsmesstechnik®, who developed a method 
whereby samples could be weighed in closed vessels without any contact (magnetic 
suspension balance). Samples of individual marker and digesta components (stomach, 
small intestine, caecum and proximal colon of rabbits) were sent to the Centre of Non-
classical Chemistry at the University of Leipzig, Germany, where the Rubotherm density 
measurement system is based.  Here the sample was weighed by means of a magnetic 
suspension balance from the outside and the suspension force was contactlessly 
transmitted from the pressurised measuring cell to a microbalance at ambient atmosphere. 
This means that mass changes of a sample could be recorded even under extreme 
conditions with great accuracy (Rubotherm®). This machine is used for highly accurate 
density measurements necessary for the calibration of industrial densitometers that are 
used in pipelines in order to report on supplied natural gas quantities.  
 
3.3.3.1 Results 
Density (g/cm3) results from the Magnetic suspension balance are shown in Table 3.12. 
Densities for Eu-LP, Yb-LP and Dy-MP were similar (0.47 – 0.49 g/cm3), while Tm-MP 
was lower (0.34 g/cm3). The densities of digesta components were similar for the small 
intestine, caecum and proximal colon (0.51 – 0.56 g/cm3), although density of the 
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stomach was lower (0.43 g/cm3) than the other GIT components. Overall, it appeared that 
the densities of the markers and the natural digesta were not substantially different and 
hence the association of the markers observed in the faecal elimination curves (Section 
3.3.2) was not due to a difference of density between the markers and the natural digesta 
in the GIT. 
 
Table 3.12 Density measurements (g/cm3) for digesta of the rabbit GIT and each of the 
particle markers using the Magnetic suspension balance. 
Sample Magnetic suspension balance 
g/cm3 
Stomach 0.43477 
Small Intestine 0.54450 
Caecum 0.56523 
Prox. Colon 0.51191 
Eu-LP 0.46631 
Yb-LP 0.49280 
Dy-MP 0.48798 
Tm-MP 0.34137 
 
 
3.3.4 Hydrolysis experiment 
Variations from assumed behaviour of particle markers were described in Section 3.2.4. 
The fluid markers Cr-EDTA and Co-EDTA have been used by numerous researchers; the 
faecal elimination curves showed these markers were very similar in elimination from the 
GIT. Since it is known that Cr-EDTA does adsorb to particulate matter (Faichney 1975b) 
and EDTA has shown a high affinity for lanthanide metals (Teeter et al. 1984), the 
hydrolysis experiment was used to test whether Cr-EDTA and Co-EDTA did indeed 
associate with the particulate matter over a 24h in vitro incubation at pH3 and pH7.  
 
3.3.4.1 Methods 
Two requirements for this experiment were that: 1) the GIT needed to be mimicked in 
vitro; and 2) an accurate method of the separation and recovery of the particles after 
hydrolysis was essential.  For the first requirement, rubber balloons able to withstand acid 
concentrations of pH3 were used as incubation vessels. The contents in the balloons were 
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continually mixed by the water bath agitator. The second requirement was satisfied by 
using procedures from particle size analysis (Section 3.2.4). 
 
Marker samples (2g of large particles, 2ml of micro-particle and 2ml of fluid markers) 
were combined with either water or digesta in the rubber balloons, the pH of the whole 
sample was adjusted to pH 3 or pH 7, the balloons were tied, labelled, placed into a water 
bath at 39ºC and agitated (60 cycles per min) for 24h (Table 3.13). 
 
Table 3.13 Preparation of balloons for fluid marker distribution over time, where 
continuous dose contained Cr-EDTA, Dy-MP and Eu-LP and the pulse dose contained 
Co-EDTA, Tm-MP and Yb-LP. 
Balloon No Medium pH  Time (h) Marker Type 
1 Water 3 24 Continuous dose 
2 Water 7 24 Continuous dose 
3 Digesta 3 24 Continuous dose 
4 Digesta 7 24 Continuous dose 
5 Water 3 24 Pulse dose 
6 Water 7 24 Pulse dose 
7 Digesta 3 24 Pulse dose 
8 Digesta 7 24 Pulse dose 
 
After a 24h incubation period the contents of the balloons were separated through sieve 
sizes 600, 38, 0.45µm; samples were taken from each sieve and the fluid fraction and 
analysed for marker concentrations by ICP-MS. 
 
3.3.4.2 Results 
In Figures 3.12a and 3.12b each marker is presented as the percentage of the total marker 
found in the specified size class (600, 38, 0.45µm and liquid). For example, at the 
specified conditions H2O.pulse.pH3 for Co-EDTA (i.e. 24 h incubation in a water 
medium of the pulse dose markers at pH 3), 11% of Co-EDTA was found on the 600µm 
sieve, 2% on 0.38µm, 17% on 0.45µm and 70% in the fluid. Co-EDTA was associated 
with the particulate matter in both mediums of water and digesta and did not seem to be 
affected by pH. This association was greater when a digesta medium was used (Figure 
3.12a) (20% at pH3 and 27% at pH7). However, overall, most (> 40%) of the Co-EDTA 
found in the sample was associated with the fluid phase. 
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Figure 3.12a Distribution of pulse dose metals as a percentage of the total marker 
incubated in the sample. 
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Figure 3.12b Distribution of continuous dose metals as a percentage of the total marker 
incubated in the sample. 
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Observations of Cr varied from those of Co, and appeared to be more effected by pH. In 
the water medium, Cr-EDTA was more closely associated with the particulate matter at 
pH3 than at pH7, where most (72%) of the Cr-EDTA was in the fluid. Although overall 9 
– 25% of the Cr-EDTA was associated with the particulate matter (600µm), Cr-EDTA 
was predominantly in the fluid.  
 
Reasons for association of the fluid markers (Cr-EDTA and Co-EDTA) with particulate 
matter are unknown. It appears that both pH and medium type are involved in the 
distribution of the metals over time; however, further research is required to explain the 
observations of this experiment, and of the implications of these findings for 
measurement of digesta passage in vivo.  
 
3.3.5 Discussion 
The digesta markers followed similar marker removal patterns from the GIT; this trend 
indicates that the markers did not follow the intended size classes (confirming the 
findings of the particle size analysis, Section 3.2.4). Density measurements suggested that 
the observations of markers having similar elimination patterns in faeces were not due to 
difference in density since the densities of the particle markers and natural digesta were 
the similar. The hydrolysis experiment showed that the fluid markers Co-EDTA and Cr-
EDTA did have some association with the particulate matter. However, it was beyond the 
scope of this research to determine the cause of this observation; possible reasons are that 
EDTA has a high affinity for the lanthanide metals and/or that Co-EDTA and Cr-EDTA 
have a high affinity for particulate matter. 
 
3.3.5.1 Faecal elimination curves 
It is important when using the elimination curves to remember that the information is 
showing what is appearing in the hard faeces which are discarded by the animal. The 
faecal elimination curves graph the information from which MRTs (Section 3.2.2 and 
3.2.3) are determined, and give a visual impression of the elimination of marker from the 
animal’s GIT.  Three observations are of importance from the faecal elimination curves 
(Figure 3.11): first, there was incomplete mixing of markers with digesta in both the 
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rabbits and ringtail possums; all markers (fluid, micro- and large particles) are all 
eliminated in the same peaks and troughs suggesting that they are equally affected by 
events occurring in the GIT. Imperfect mixing of markers with digesta has also been 
observed in ruminants (Grovum and Williams 1973b; Faichney 1975b).   
 
The second observation was the identical passage of the markers; this was particularly so 
in the rabbits (Tm-MP and Yb-LP) which followed an identical elimination pattern 
regardless of size. In the ringtail possum these particle markers behaved similarly at some 
points; however, the micro-particles mainly followed the fluid fraction (this was also 
shown by the MRTs, Section 3.2.2). When the particle size analysis (Section 3.2.4) is 
taken into account it is not unexpected that the assumed ‘micro-‘ and ‘large’ particle 
markers had similar elimination curves since it was shown that both markers 
predominantly marked the small size classes.  
 
The third observation was the pulses (peaks and troughs) of marker elimination in the 
hard faeces. This indicates the extent to which the CSM is efficient in recycling the 
markers. Since this is a pulse dose and has moved through the GIT as such, the amount of 
marker at the peak indicates the amount not recycled by the CSM. There were also 
periods of decreased amounts of metals in the hard faeces, possibly indicating an 
increased efficiency of the CSM to recycle the markers, or this may indicate the end of a 
caecotrophy period and therefore a decrease in the amount of fluid and small particles 
entering the CSM, since the caecotrophes are stored in the stomach of the rabbit for a 
number of hours before being digested. More research is required to fully explain the 
observed pulses of markers in the hard faeces. 
 
3.3.5.2 Density  
It has been suggested by many authors that density has a greater role in passage time than 
particle size (King and Moore 1957; Campling and Freer 1962; Evans et al. 1973; 
Durkwa and Welch 1982; Des Bordes and Welch 1984; Ehle 1984; Hooper et al. 1984; 
Ehle and Stern 1986; Martz and Belyea 1986; Kaske and Endelhardt 1990; Iwuoha and 
Nwakanma 1998). Particle size and density are closely associated; as particle size 
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decreases during the digestion process, particle density increases due to hydration, ion-
exchange and loss of cellular space (Kaske and Endelhardt 1990).  
 
The importance of density as a variable influencing the passage process was indicated by 
Campling and Freer (1962), Des Bordes et al. (1980), Ehle (1984) and Ehle and Stern 
(1986). Dense particles, such as grains, migrate to the reticulum and caudal sac of the 
rumen (Martz and Belyea 1986). Functional specific gravity is defined as the specific 
gravity of particles with air or gas pockets included (Hooper et al. 1984). As a particle 
hydrates and is digested, voids or pockets are eliminated and functional specific gravity 
increases (Martz and Belyea 1986); particle size has been shown to influence rate of 
change of specific gravity. Dietary particle size plays a specific role in the rabbit’s GIT 
activity. In the colon, small particles (< 0.1 mm) tend to return to the caecum during hard 
faeces production and, in the same time, large particles (> 0.3 mm) are preferentially 
included in the hard faeces (Lebas 2000).  
 
Densities measured in this study were similar for the micro and large particles when 
compared with the natural digesta of the rabbit GIT. It was therefore assumed that the 
marker density was not the cause of the imperfect mixing observed in the faecal 
elimination curves. However, more research is required to understand how the 
relationship between particle size and density affects passage of these markers. 
 
3.3.5.3 Association of fluid markers with particulate matter 
Previous observations that lanthanide metals have a high affinity for EDTA were possibly 
supported from the current findings. Binding affinity of Yb for EDTA is high; this is not 
unexpected because the molar association constant of EDTA for Yb is approximately 
1020 (Spedding and Daane 1961), while feedstuffs have a maximum of about 107 (Teeter 
et al. 1984). Again caution must be taken when making broad generalisation concerning 
the lanthanide metals since different affinities have been observed for the different 
metals; Sinha (1966) reported that Yb has a greater affinity for gluconic acid, glycolic 
acid, glyoxalic acid, hydroxyisobutyric acid, lactic acid, malic acid and acetylactonate 
than have samarium, lanthanum and cerium (Teeter et al. 1981a). Yb has been shown to 
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be removed from particles by neutral detergent solution containing disodium EDTA, but 
it remained with the fibre fraction when the EDTA was omitted (Coleman et al. 1984). 
(Teeter et al. 1984) also noted that dissociation of Yb from feeds was more pronounced 
in the presence of 0.3M EDTA. Any metal-feed complex stable in the presence of EDTA 
indicates strong binding of marker to feed (Teeter et al. 1984). Adsorption of Cr-EDTA 
has also been observed; Goodal and Kay (1973) reported about 40% of the urinary 
excretion of Cr-EDTA arose from absorption proximal to the duodenum of ruminants; 
this value was similar to that reported for 51Cr-EDTA also in ruminants (Faichney 
1975b).  
 
More research is needed into the extent to which lanthanide metals affiliate with EDTA, 
the extent to which Co and Cr bind to EDTA, whether this affects the amount of the 
lanthanide metals binding to EDTA, and the likely extent of adsorption of Co-EDTA and 
Cr-EDTA on to unmarked particles. 
 
3.3.6 Conclusion 
Results of this section confirmed those of Section 3.2 on marker sizes. Faecal elimination 
curves indicated that there was imperfect mixing of the digesta markers with the natural 
digesta and that pulse dose markers behaved predominantly as either fluids or small 
particles (3 – 0.45µm). The densities of both micro- and large particle markers were both 
similar to the digesta in the rabbit GIT, and the fluid markers Cr-EDTA and Co-EDTA 
associated with particulate matter to some degree. More research is required to clarify the 
findings of the density and hydrolysis experiments. 
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3.4   Method of analysis assumption  
That the method of analysis of the lanthanide metals in faeces and digesta samples is 
accurate and reliable  
 
3.4.1 Introduction 
The method of analysis was Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
(Section 2.5.2.2). ICP-MS offered detection limits equal to or better than those attainable 
from Graphite Furnace Atomic Absorption spectroscopy (GFAA), with much higher 
productivity. It has the ability to handle complex sample matrixes with less interference 
than flame and furnace Atomic Absorption Spectroscopy (AAS). It also has detection 
limit capabilities superior to those obtained in Inductively Coupled Plasma Optical 
Emission Spectrometry (ICP-OES). 
 
The assumption regarding the method of analysis was established from the fourth ‘ideal 
marker’ criterion; that the method of estimation in digesta samples must be specific and 
sensitive and it must not interfere with other analyses (Faichney 1993).Two analyses are 
described in this section to test the above assumption: 1) establishment of a standard 
curve of expected and observed concentrations; and 2) comparison of ‘old’ and ‘new’ 
ICP-MS machines.  
 
3.4.2 ICP-MS standard curve 
The use of pulse doses yields metal concentrations in faecal samples that range from very 
high peak values (>10000µg) to very low levels at the end of the collection period 
(<1µg). Although faecal blanks were taken into account and an internal standard was 
inherent in the ICP-MS system, to improve precision and decrease background noise a 
standard curve was still necessary since each machine has its limits of detection beyond 
which a concentration level (whether high or low), will be accurately indicated by the 
machine (C. Allen, personal communication). A standard curve was used to establish the 
limits of detection for each of the metals used. The internal standard (103Rh) was also 
included in each run. 
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3.4.2.1  Methods 
Ground blank faeces from three rabbits and three ringtail possums were spiked with 
known concentrations of the lanthanide metals Yb, Eu, Tm and Dy (20000, 2000, 1000 
and 200µg/L) and digested (Section 2.5.2.1). Each sample was then analysed using the 
ICP-MS – Perkin Elmer Elan 5000 (Section 2.5.2.2), data were compiled in Excel, and 
detection limits (%) at each concentration level were calculated. 
 
3.4.2.2 Results 
Tables 3.14a and 3.14b contain observed and expected concentration of metals for rabbits 
and ringtail possums respectively.  
 
Table 3.14a Expected and observed ICP-MS detection levels of lanthanide metal 
concentrations in three rabbit samples.  
  
R1 
Observed Difference 
% 
Detected 
R2 
Observed Difference 
% 
Detected 
R3 
Observed Difference 
% 
Detected 
Average % 
Detected 
Expected Element 
[ICP] 
ug/L Exp - Obs  [ICP] ug/L Exp - Obs  [ICP] ug/L Exp - Obs   
20 000 Eu 1.62E+04 3760.00 76.85 1.74E+04 2650.00 84.73 1.67E+04 3290.00 80.31 81 
 Dy 1.62E+04 3820.00 76.39 1.71E+04 2950.00 82.70 1.74E+04 2560.00 85.32 81 
 Tm 1.65E+04 3530.00 78.57 1.67E+04 3280.00 80.38 1.71E+04 2870.00 83.25 81 
 Yb 1.68E+04 3170.00 81.16 1.79E+04 2140.00 88.02 1.78E+04 2180.00 87.77 86 
            
Expected Element           
2000 Eu 1650.376 349.62 78.82 1738.875 261.12 84.98 1654.969 345.03 79.15 81 
 Dy 1610.897 389.10 75.85 1714.683 285.32 83.36 1623.515 376.48 76.81 79 
 Tm 1653.721 346.28 79.06 1735.375 264.62 84.75 1701.356 298.64 82.45 82 
 Yb 1678.613 321.39 80.85 1792.646 207.35 88.43 1838.161 161.84 91.20 87 
            
Expected Element           
1000 Eu 852.6618 147.34 82.72 1021.188 -21.19 102.07 887.582 112.42 87.33 91 
 Dy 854.1458 145.85 82.92 1013.552 -13.55 101.34 891.7018 108.30 87.85 91 
 Tm 879.0529 120.95 86.24 1022.001 -22.00 102.15 902.5684 97.43 89.21 93 
 Yb 866.47 133.53 84.59 1019.189 -19.19 101.88 903.2949 96.71 89.29 92 
            
Expected Element           
200 Eu 182.7343 17.27 90.55 242.4671 -42.47 117.51 201.7056 -1.71 100.85 103 
 Dy 179.5712 20.43 88.62 235.0031 -35.00 114.89 192.5608 7.44 96.14 100 
 Tm 187.7637 12.24 93.48 232.1462 -32.15 113.85 185.7882 14.21 92.35 100 
 Yb 182.1103 17.89 90.18 232.8224 -32.82 114.10 185.3711 14.63 92.11 99 
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At the higher end of the concentration range (20000µg/L), the machine underestimated 
the concentration of metal (82% on average for the four metals). At 2000µg/L metal 
detection was variable between metals (87% detection for Yb and 79% detection for Dy) 
and all expected concentrations were underestimated. Detection between 200 and 
1000µg/L appeared the most accurate although there was overestimation at 200µg/L for 
Eu (103%). 
 
Table 3.14b Expected and observed ICP-MS detection levels of lanthanide metal 
concentrations in three ringtail possum samples.  
  
P1 
Observed Difference 
% 
Detected 
P2 
Observed Difference 
% 
Detected 
P3 
Observed Difference 
% 
Detected 
Average % 
Detected 
Expected Element 
[ICP] 
ug/L Exp - Obs  [ICP] ug/L Exp - Obs  [ICP] ug/L Exp - Obs   
20 000 Eu 1.98E+04 206.00 98.96 1.80E+04 1990.00 88.95 1.78E+04 2250.00 87.32 92 
 Dy 1.98E+04 180.00 99.09 1.77E+04 2280.00 87.13 1.69E+04 3120.00 81.52 89 
 Tm 2.12E+04 -1230.00 105.79 2.21E+04 -2120.00 109.58 1.82E+04 1810.00 90.05 102 
 Yb 1.98E+04 220.00 98.89 1.77E+04 2330.00 86.81 1.80E+04 2040.00 88.64 91 
            
Expected Element           
2000 Eu 2000.001 0.00 100.00 1992.212 7.79 99.61 2159.424 -159.42 107.38 102 
 Dy 2044.641 -44.64 102.18 2049.156 -49.16 102.40 2142.114 -142.11 106.63 104 
 Tm 2159.287 -159.29 107.38 2159.833 -159.83 107.40 1924.43 75.57 96.07 104 
 Yb 2010.908 -10.91 100.54 2020.183 -20.18 101.00 2152.518 -152.52 107.09 103 
            
Expected Element           
1000 Eu 1066.877 -66.88 106.27 961.5888 38.41 96.01 1040.264 -40.26 103.87 102 
 Dy 1097.167 -97.17 108.86 1002.448 -2.45 100.24 1022.13 -22.13 102.17 104 
 Tm 1127.93 -127.93 111.34 1089.306 -89.31 108.20 870.1912 129.81 85.08 102 
 Yb 1044.849 -44.85 104.29 984.3208 15.68 98.41 1033.134 -33.13 103.21 102 
            
Expected Element           
200 Eu 213.0861 -13.09 106.14 206.5306 -6.53 103.16 224.5652 -24.57 110.94 107 
 Dy 211.7119 -11.71 105.53 211.5562 -11.56 105.46 227.8954 -27.90 112.24 108 
 Tm 233.9967 -34.00 114.53 229.3849 -29.38 112.81 195.103 4.90 97.49 108 
 Yb 218.3223 -18.32 108.39 204.1875 -4.19 102.05 223.4454 -23.45 110.49 107 
 
For the ringtail possum blank faeces (Table 3.14b), observed values were close to or 
slightly over 100% of expected. Greatest variation was seen at 20000µg/L (89% detection 
of Dy and 102% detection of Tm).  In general, for both rabbit and ringtail possum results, 
higher concentrations (>20000µg/L) were underestimated while at low concentrations (< 
200µg/L) values tended to be slightly overestimated. It was apparent that further 
investigation of the ICP-MS machine and correction equations for each metal to account 
for machine limitation were necessary. 
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3.4.3 Comparison of ‘old’ and ‘new’ machines 
Several factors are difficult to control when using ICP-MS for metal analysis: 1) metal 
concentrations can vary slightly between times of day; 2) amount of time the machine has 
been running; and 3) variations of ambient and machine temperature. To minimise these 
problems, where possible, the samples were run on the same day and the machine 
temperature cooled with electric fans. Invariably, however, samples run at the start of 
analysis would be run under a slightly different machine environment than those at the 
end of the run due to heating of the machine. To confirm the results from Perkin Elmer 
Elan 5000, the results were compared with a newer ICP-MS machine (Perkin-Elmer Elan 
6100) which offered 30 times the sensitivity of metal detection (R. Finlayson, personal 
communication). 
 
3.4.3.1 Methods 
Peaks of marker concentration that were outside the limits of detection (since they were 
unexpectedly high or low) were identified from the faecal elimination curves of the Elan 
5000.  These samples were re-run using the Elan 6100. 
 
3.4.3.2 Results 
Results are shown in Figure 3.13. The two machines yielded similar values for the fluid 
markers (Cr-EDTA and Co-EDTA) at concentrations up to 2000µg/L. Beyond this 
concentration the old machine tended to underestimate the concentration relative to the 
new machine. Values determined for the large particle markers (Yb-LP and Eu-LP) were 
also similar for the old and new machines up to 2000µg/L. Above this concentration the 
old machine generally underestimated the concentrations compared to the new machine. 
However, in the Eu-LP sample, a gross overestimation was observed for values above 
15000µg/L (there were no values above this concentration in the Yb-LP sample). Micro-
particles (Tm-MP and Dy-MP) were similar for the old and new values (between 0 and 
2000µg/L). Between 2000 and 6000µg/L Dy-MP was overestimated in the old machine 
and between 6000 and 10000µg/L the concentrations were underestimated. Due to the 
nature of the samples, comparison with Tm-MP was not made as the greatest 
concentration of Tm-MP detected was 2500µg/L. 
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Figure 3.13 new     and old    values ICP-MS analysis results for liquid markers Co-
EDTA (I) and Cr-EDTA (II), large particle markers Yb-LP (III) and Eu-LP (IV) and 
micro-particle markers Tm-MP (V) and Dy-MP (VI).  
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3.4.4 Discussion 
From the results obtained from both the standard curve and the comparison of old and 
new machines, correction equations needed to be applied to each metal to improve the 
accuracy of Elan 5000 (to that of the newer Elan 6100) increasing sensitivity 30 times 
when analysing lanthanide metals. 
 
The wide range of concentrations to be analysed (1 - 10000µg/L), exceeded those usually 
analysed by ICP-MS (1 – 10 ppb or µg/L) (L. Kinsley, personal communication). 
Generally, for lanthanide metal analysis by ICP-MS, the major interference is from 
oxides, principally those of barium, although oxides of the light lanthanides (lower 
atomic number) on the heavy lanthanides can be problematic if the sample is relatively 
light lanthanide enriched. Generally, the lanthanide metals are stable in the dilute nitric 
acid matrix from the microwave digestion (Section 2.5.2.1).  Care must be taken when 
analysing lanthanide metals in organic samples as carbon can be deposited on the 
interface cones. Typically this is alleviated by introducing oxygen into the nebuliser flow; 
this however affects levels of oxide production (L. Kinsley, personal communication). 
 
The comparison of the Elan 5000 and Elan 6100 indicated that the limit of sensitivity 
varied for each element. At very low (< 1µg/L) and very high (> 10000 µg/L) 
concentrations, the Elan 5000 was at its limits of detection (these limits varied for each 
metal). Correction equations were constructed using information from the standard curve 
and from the comparison between the old and new machines. These were then applied to 
all data sets from Elan 5000 reports in order to make them more compatible with results 
from the more sensitive Elan 6100. 
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Table 3.15 ICP-MS correction equations for six metals used as digesta markers where 
[Co], [Cr], [Dy], [Tm], [Eu] and [Yb] are the original concentration (µg/L) from the ICP-
MS report of Elan 5000. 
Marker ICP-MS Correction Equation 
Co-EDTA IF([Co]>38,IF([Co] <512,( [Co] -38)*512/474,0.8643*[Co] +68.217),0) 
That is, if the concentration of Co is >38 and <512 µg then the correction 
equation for Co is [Co]corrected = ([Co]observed – 38) * 515/474 
If the concentration is <38 then Co concentration is zero. 
If the concentration is > 512 then [Co]corrected = (0.863*([Co]observed +68.217)) 
Cr-EDTA IF([Cr]>-43.376450,-0.000008*[Cr]^2+1.0502*[Cr]+45.569,0) 
That is, if the concentration of Cr is >-43.376450µg/L then the correction 
equation for Cr is: 
[Cr]corrected = -0.000008*[Cr]observed2 +1.0502*[Cr]observed +45.569  
If the concentration is <-43.376450µg/L concentration is zero. 
Tm-MP IF([Tm]>8,IF([Tm] <640,( [Tm] -8)*80/79,0.894*[Tm] +68.234),0) 
That is, if the concentration of Tm is >8 and <640 µg then the correction 
equation for Tm is [Tm]corrected = ([Tm]observed – 8) * 80/79 
If the concentration is <8 then Tm concentration is zero. 
If the concentration is > 640 then  
[Tm]corrected = (0.894*([Tm]observed +68.234)) 
Dy-MP IF([Dy] >0,IF([Dy] <2084,1.042*[Dy],0.868*[Dy] +177.1),0) 
That is, if the concentration of Dy is >0 and <2084 µg then the correction 
equation for Dy is [Dy]corrected = (1.042*[Dy]observed ) 
If the concentration is <0 then Dy concentration is zero. 
If the concentration is > 2084 then  
[Dy]corrected = (0.868*([Dy]observed + 177.1)) 
Yb-LP IF([Yb]>0,IF([Yb] <277,1.054152*[Yb],0.8888*[Yb] +46.081),0) 
That is, if the concentration of Yb is >0 and <277 µg then the correction 
equation for Yb is [Yb]corrected = (1.054152*[Yb]observed ) 
If the concentration is <0 then Yb concentration is zero. 
If the concentration is > 277 then  
[Yb]corrected = (0.8888*([Yb]observed + 46.081)) 
Eu-LP IF([Eu]>20,IF([Eu]<850,([Eu]-20)*85/83,0.8776*[Eu]+104.78),0) 
That is, if the concentration of Eu is >20 and <850 µg then the correction 
equation for Eu is [Eu]corrected = (([Eu]observed - 20) * 85/83) 
If the concentration is <20 then Eu concentration is zero. 
If the concentration is > 850 then  
[Eu]corrected = (0.8776*([Eu]observed + 104.78)) 
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3.4.5 Conclusion 
The results obtained from the standard curves of the Perkin-Elmer Elan 5000 showed 
limits of detection at extremes of metal concentration. Correction equations determined 
for each metal allowed direct comparison of results of marker concentrations measured 
on the Perkin-Elmer Elan 5000 and those on the more modern Perkin-Elmer Elan 6100, 
confirming reliability of the method of analysis. 
 
 
3.5   General Conclusions 
Critical problems with the proposed markers were identified. Assumptions regarding 
marker size and behaviour were shown not to be sound; the particulate markers (large 
particles and micro-particles) were therefore unable to be labelled as specific size classes 
although the individual markers often preferentially bound to one size-class fraction 
(Section 3.2.4). The fluid markers Cr-EDTA and Co-EDTA provided a reliable indication 
of the fluid fraction, although extent of association with particulate matter requires further 
investigation. The method of analysis, using the ICP-MS Perkin-Elmer Elan 5000 
provided an accurate estimation of the concentration of metals determined in the samples 
when correction equations were applied in order to make them directly comparable with 
results from the more modern Elan 6100. 
 
More research on the chemical behaviour of lanthanide metals when binding to particulate 
matter is required. The use of rumen bacteria as micro-particles also requires further 
development in order to formaldehyde fix rumen bacteria without the aggregation problem 
identified here. The use of lanthanide metals to mark fibrous particles and formalin-fixed 
rumen bacteria has potential for the ability to label different digesta fractions; but more 
research is needed on conditions identified in this chapter before these can be used 
confidently as proposed in digesta passage studies.  
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CHAPTER 4      
                  TESTING OF HYPOTHESES 
 
4.1  Introduction  
This chapter describes the analyses, outcomes and implications of the main research 
hypotheses regarding the applicability of digesta passage models derived from the rabbit 
to the common ringtail possum. 
 
4.2   Research Hypothesis 
That digesta passage in laboratory rabbits is similar to that in common ringtail 
possums, and thus models of digesta passage derived from rabbits are applicable to 
digesta passage in common ringtail possums. 
 
This hypothesis is based on the similarities between the rabbit and ringtail possum in GIT 
anatomy (both are caecum fermenters) and physiology (both are reported to have a 
colonic separation mechanism (CSM) and practise caecotrophy) (Sections 1.3.3 - 1.3.5).   
 
Three sub-hypotheses were developed to test whether the rabbit was a valid model for the 
ringtail possum: 1) that the anatomy and physiology of the rabbit GIT is similar to the 
ringtail possum; 2) that the behavioural patterns (relating to digestion) of rabbits is 
similar to that of ringtail possums; and 3) that rate of digesta passage in rabbits is similar 
to that in ringtail possums. 
 
If the rabbit model could be used in the development of a digesta flow model for the 
ringtail possum, it should also be applicable to other Eucalyptus folivores such as the 
koala (Phascolarctos cinereus) and greater glider (Petauroides volans), both of which 
have many features of GIT anatomy and physiology that are found in the ringtail possum.  
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4.3  Sub-hypothesis 1 
That the anatomy and physiology of the rabbit GIT is similar to that of the ringtail 
possum 
 
4.3.1 Introduction 
The GIT of the ringtail possum and the rabbit were shown in Section 1.3.2 to be similar 
in the gross anatomy and physiology, and both have been defined as ‘caecum fermenters’ 
due to the presence of a greatly enlarged caecum, and both are described as ‘separators’ 
(Cork and Foley 1997), with selective retention of the fluid and small particle fractions of 
digesta. 
 
The colonic separation mechanism (CSM), described by numerous researchers in rabbits 
(Björnhag 1972, 1981, 1987, 1994; Pickard and Stevens 1972; Ruckebusch and Hörnicke 
1977; Ehrlein et al. 1983; Hörnicke et al. 1984; Hirakawa 2001), has been described as a 
‘wash-back’ system, in which fluids and small particles are preferentially washed back 
from the proximal colon into the caecum. A wash-back CSM similar to that found in the 
rabbit has also been proposed in the ringtail possum on the basis of differential retention 
times of fluid and particle markers (Chilcott and Hume 1985). 
 
In both the rabbit and ringtail possum, caecotrophy occurs when the CSM is ‘switched 
off’. Caecotrophy has been described in the rabbit (Morot 1882; Masden 1939; Eden 
1940; Taylor 1940; Southern 1942; Scheunert and Zimmermann 1952; Myers 1955; 
Thacker and Brandt 1955; Watson and Taylor 1955; Bonnafous and Raynaud 1967; 
Sharkey 1971; Henning and Hird 1972) and in the ringtail possum (Chilcott and Hume 
1985).  
 
Nevertheless, several details of the GITs of the rabbit and ringtail possum are sufficiently 
different to suggest that function may not be identical in the two herbivores. Implications 
of these differences for the modelling process are discussed below.  
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4.3.2 Previous findings 
Since the major differences appear to be in the hindgut (from the entrance of the ileum 
into the caecum to the end of the proximal colon) this region of the GIT is the focus of 
this section. 
 
The first major difference in the hindgut of the rabbit and ringtail possum is in the entry 
of the small intestine into the caecum. The rabbit has a pronounced rounded sac (sacculus 
rotundus) at this point. This feature is absent in the ringtail possum (Plate 4.1). The 
sacculus rotundus has been described as a lymphoid organ (Elliott and Barclay-Smith 
1904; Snipes 1978), but Ehrlein and Ruoff (1982) showed that it also has a role in the 
regulation of digesta flow from the ileum into the caecum.  
 
There are three types of contractions in the sacculus rotundus; Type A (monophasic) 
occur when an antiperistaltic caecal wave starts on the ampulla coli and progresses to the 
ileocaecal orifice (they account for 41% of contractions occurring in the sacculus 
rotundus). Type B consists of three to four successive contractions (with only one of 
these having a large amplitude) which occur when an antiperistaltic wave of the caecum 
reaches the region of the sacculus rotundus (they account for 51% of contractions 
occurring in the sacculus rotundus). Type C is also a series of contractions but they are all 
of low amplitude and account for only 8 % of sacculus rotundus contractions (Ehrlein and 
Ruoff 1982). Figure 4.1 illustrates the sacculus rotundus in relation to the caecum and 
other components of the caecum and includes wave (or group of contractions) direction 
(peristaltic or antiperistaltic) in the caecum body. 
 
Figure 4.1 Components of the caecum of the rabbit, (Ehrlein and Ruoff 1982).  
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Ehrlein and Ruoff (1982) observed that contractions of the sacculus rotundus were 
closely associated (91% of observations) with antiperistaltic contractions of the caecum 
and flow of contents towards the appendix. They observed that as the antiperistaltic wave 
passed the ileocaecal orifice the terminal ileum relaxed and digesta were partly or 
completely delivered into the caecum by a strong (jet-like) contraction of the terminal 
ileum and sacculus rotundus. Conversely, when a peristaltic wave moved over the 
caecum (from the appendix to the caeco-colic junction) there was no or only a small 
contraction of the sacculus rotundus. When a contrast medium was injected into the ileum 
it was observed by Ehrlein and Ruoff (1982) that the lumen of the terminal ileum was 
sometimes narrow, when the contrast medium accumulated at the site of infusion; at other 
times the contrast medium was moved rapidly into the terminal ileum and into the 
sacculus rotundus by a peristaltic wave. Ehrlein and Ruoff (1982) also saw that segmental 
contractions of the terminal ileum often separated the digesta into small boli and kept 
them in the terminal ileum for up to five minutes.  
 
The flow of ingesta from the ileum to the caecum is usually associated with a strong 
monophasic contraction (type A or B) of the sacculus rotundus; these are peristaltic 
waves while the low amplitude waves (type C) were usually associated with segmental 
activity of the terminal ileum. During type C contractions the sacculus rotundus is filled 
with digesta (50 to 350 sec). Although evacuation of the sacculus rotundus is closely 
associated with antiperistaltic waves moving digesta in the caecum, evacuation did not 
occur at every antiperistaltic wave; the interval varied with filling time of the sacculus 
rotundus. Thus, it is apparent that the sacculus rotundus plays a role in the regulation of 
digesta flow from the ileum into the caecum. 
 
Snipes (1978) described the rabbit caecum to be greatly enlarged and strongly haustrated; 
he divided the caecum into three major macroscopic sections: 1) the ampulla coli, a 
bulbous pouch where the proximal colon emerges; 2) the body (corpus ceci) which 
contains 18 to 22 haustra-like bulges or pouches; and 3) the terminal portion of the 
caecum, the finger-like rough surfaced appendix vermiformis.  In contrast, in the ringtail 
possum (Section 4.3.3) the proximal colon did not emerge from the ampulla coli but from 
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a point adjacent to the entrance of the ileum (Plate 4.1). The body of the caecum was 
different in structure, with numerous haustra-like pouches which were connected by three 
taeniae, and there was no appendix vermiformis; the blind end of the caecum ended as a 
haustra-like pouch, with no differentiation from the pouches along the length of the 
caecum. 
 
By infusing a contrast medium into the ampulla coli of the rabbit, Ehrlein and Ruoff 
(1982) found that each peristaltic caecal wave forced the contrast medium and caecal 
contents into the proximal colon. This occurred when the peristaltic wave reached the 
third spiral fold (Figure 4.1) and moved the caecal digesta and contrast medium to the 
caeco-colic junction. Movement of digesta into the colon caused distension that 
stimulated haustral activity (the separation mechanism) of the proximal colon. Retrograde 
movements of the haustra were observed that caused small amounts of the liquid contrast 
medium to be moved from the proximal colon into the caecum, where it accumulated in 
the ampulla coli until forced by antiperistaltic waves towards the appendix of the caecum. 
In contrast to that of the ringtail possum (Section 4.3.3), the caeco-colic junction of the 
rabbit has a wide orifice so that the caecal and colonic contents were not separated 
(Ehrlein and Ruoff 1982).  
 
An inner spiral fold is responsible for the peristaltic and antiperistaltic waves of the rabbit 
caecum body; haustrations of the corpus ceci (caecum body) are also a result of this inner 
spiral fold which runs continuously from the beginning of the corpus ceci to the orifice of 
the appendix. This structure can be envisaged as the inner muscular core, aiding the 
contractile forces that move the caecal contents (Snipes 1978). Laboratory observations 
(Section 4.3.3) did not reveal a similar caecum body structure in the ringtail possum. 
Three taeniae ran the length of the caecum and small teniae were connected to these in an 
alternate system (Plate 4.1). There were numerous haustrations of the caecum which 
varied in number and size between each of the three sections formed by the three 
longitudinal bands of teniae of the caecum. 
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The third major difference between the caecum of the rabbit and the ringtail possum is 
the appendix vermiformis. The appendix has been described in the rabbit (Figure 4.1) and 
has been suggested by (Snipes 1978) to be a specialised lymphoid organ. No analogous 
structure was observed in the ringtail possum (Section 4.3.3). 
 
The flow of digesta from the caecum to the appendix in the rabbit has also been studied; 
Ehrlein and Ruoff (1982) observed repetitive contractions of the appendix which 
represented peristaltic waves moving digesta constantly back towards the ampulla coli. 
Contrast medium infused into the appendix before an antiperistaltic wave of the caecum 
started at the ampulla coli demonstrated that, when the antiperistaltic wave reached the 
18th spiral fold (Figure 4.1) and proceeded to the appendix, small amounts of the contrast 
medium were forced into the proximal half of the appendix and immediately pushed back 
into the caecum by the repetitive peristaltic contractions of the appendix.  
 
 
Plate 4.1 The caecum of the common ringtail possum to show the points of entry and exit 
of the ileum and proximal colon respectively. Where    indicates two of the three taeniae 
(formed from longitudinal muscle), between which the transverse muscles from the 
haustra.  
 
Ileum
Proximal Colon
Small teniae connected 
to large longitudinal 
teniae 
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Ehrlein and Ruoff (1982) also observed that, at times, the appendix contracted 
continuously over several minutes and in these periods the caecal contents did not enter 
the appendix. The contractions of the appendix were different from those of the caecum 
since they were only peristaltic and occurred at a higher rate.  Ehrlein and Ruoff (1982) 
suggested that the function of these contractions was to prevent influx of caecal digesta 
into the proximal half of the appendix and to deliver secretions from the appendix into 
the caecum. 
 
The final anatomical difference between the hindgut of the rabbit and ringtail possum 
was observed when the digesta was moved from the caecum into the proximal colon. The 
proximal colon of the rabbit leaves the caecum at the ampulla coli through a wide orifice 
(Ehrlein and Ruoff 1982). In contrast, the proximal colon of the ringtail possum leaves 
the caecum at a point adjacent to the ileum and its orifice is of the same order of diameter 
as the ileum (Section 4.3.3). The proximal colon of the rabbit is complex, with four 
morphologically separate regions (Figure 1.5) (Hörnicke and Batsch 1977; Snipes et al. 
1982) while that of the ringtail possum shows no morphological differentiation along its 
length and no evidence of haustration. 
 
Snipes et al. (1982) described the four sections of the proximal colon of the rabbit as: 1) 
the initial portion immediately distal to the caecum. This section has wart-like 
protrusions, and is about 10 cm long with three teniae; 2) The adjoining portion, which 
has one tenia, is approximately 20cm in length and displays the same ‘wart-like’ 
protrusions in a less prominent form; 3) The fusus coli, a short segment of approximately 
4cm in length, has no teniae but exhibits longitudinal folds on its inner surface; and 4) 
The distal colon, about 80 to 100cm in length, does not show any obvious enlargement of 
its surface.  
 
The movement of digesta in the proximal colon of the rabbit has been reported by many 
researchers (Elliott and Barclay-Smith 1904; Björnhag 1972; Pickard and Stevens 1972; 
Ehrlein and Ruoff 1982). Antiperistalsis in the proximal colon was first observed by 
Elliott and Barclay-Smith (1904) who suggested that the movement of digesta within 
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each haustra of the proximal colon could be described as “a continual churning of the 
contents of each sacculated chamber”. They noted that the longitudinal bands of the 
proximal colon contracted at intervals and drove most of the churned material back into 
the caecum, at which time the fluid and small particles were pushed to the edges of the 
pouch and, as the contraction occurred, this component of the digesta moved back up into 
the previous haustra until reaching the caecum. 
 
The structure of the proximal colon of the rabbit is highly adapted to the CSM, with deep 
‘pouches’ to aid the separation of particles on the basis of size. The movements of the 
colonic wall, together with net water secretion (Björnhag 1972; Clauss 1978), separate 
small particles and water soluble matter from the coarser material. The finer fraction 
moves to the colonic wall and is transported by antiperistalsis of the haustra back into the 
caecum, where it mixes again and the water surplus is absorbed. The coarser fraction 
moves towards the distal colon, where it forms the hard faecal pellets.  
 
4.3.3 Laboratory observations 
The laboratory observations of the caecum and proximal colon of the ringtail possum are 
compared with the gross anatomy of these structures of the rabbit (Section 4.3.2). The 
contributions (and hence relative importance) of the caecum and proximal colon (as 
percentages of wet tissue mass) are described in Table 4.1.  
 
Table 4.1 Contribution (%) of caecum and proximal colon to total GIT wet tissue mass. 
 Rabbit Common ringtail possum 
Contribution of the caecum 
to the whole GIT (Average) 29.5% 36.6% 
(Range) (21.3% – 35.7%) (33.5% - 39.3%) 
n 7 6 
SD ± 4.73% ± 2.42% 
Contribution of the 
proximal colon to the whole 
GIT (Average) 
13.8% 5.4% 
(Range) (11.5% - 16.7%) (4.0% - 8.9%) 
n 7 6 
SD ± 1.79% ± 1.88% 
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The contributions of the ringtail possum caecum and proximal colon were taken over a 
24h period which may account for some of the variation observed in the range of values. 
The caecum of the ringtail possum contributed more by mass to the overall GIT than the 
caecum of the rabbit; however, other researchers have reported that the caecum of the 
rabbit contributes 35% to the total volume (Parker and McMillan 1976). The contribution 
of the proximal colon to the total GIT was much less in the ringtail possum (average 
5.4%) than the rabbit (average 13.8%), indicating a smaller contribution to the digestive 
process (Section 4.3.2).  
 
Contributions of the caecum and proximal colon by mass and observations of gross 
anatomy of the ringtail possum are compared with similar published findings on the 
rabbit in Table 4.2. 
 
An important feature of the caecum of the ringtail possum was that it appeared to be 
divided into two sections by a deep permanent groove in the haustrations of the caecum 
(Plates 4.2a and b); these are labelled the ‘caecum major’ and ‘caecum minor’. The major 
part was literally the major component of the caecum on the distal side of the constriction 
of the caecum caused by a deep groove of the longitudinal band on its greater curvature. 
The minor part of the caecum included the ampulla coli, the entrance of the ileum, exit of 
the proximal colon and was proximal to the constriction of the longitudinal band which 
occurred between the fifth and tenth haustrated sac (the location of the deep constriction 
varied slightly between animals, possibly due to age)). It was approximately 5 to 7cm 
from the ampulla coli. 
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Table 4.2 Comparative aspects of gross anatomy of the hindgut of the rabbit and ringtail 
possum.  
GIT Feature Laboratory Rabbit 
(Published findings) 
Common ringtail possum 
(This study) 
Point where the ileum 
meets the caecum 
The ileum forms a pronounced 
rounded sac (sacculus rotundus) – 
entering the caecum on the first 
haustrum-like pouch.  
The ileum enters directly into the 
caecum (Plate 4.1) at a point 
adjacent to the beginning of the 
proximal colon. 
Body of the caecum 
 
The haustra of the caecum number 
between 18 -22 and are organised 
in a spiral fold. 
The caecum body does not 
exhibit the spiral structure of the 
caecum evident in the rabbit. 
Rather, the caecum is made up 
of numerous haustra joined by 
three teniae (Plate 4.1).  
Termination of the 
caecum into the 
appendix 
vermiformis 
The appendix is a long finger-like 
structure. 
No appendix vermiformis 
present. The blind end of the 
caecum (Plate 4.1) is 
anatomically similar to the body 
of the caecum. 
Point where the 
proximal colon leaves 
the caecum 
 
The point of exit to the proximal 
colon is a distance from the 
entrance of the ileum and is found 
on the ampulla coli which is the 
first major haustration of the 
caecum. The point where the 
proximal colon meets the caecum 
is wide. 
The beginning of the proximal 
colon is adjacent to the entrance 
of the ileum (Plate 4.1) and is 
not situated on the ampulla coli, 
but in the groove next to it. The 
opening into the proximal colon 
is narrow and only slightly larger 
(<1.0cm) than the end of the 
ileum. 
Haustration of the 
proximal colon 
Haustrations of the proximal colon 
of the rabbit are prominent (Figure 
1.5). 
No haustrations are present in 
the proximal colon. The wall 
shows slight striation; however, 
apart from being slightly thicker 
it is similar in appearance to the 
ileum (Plate 4.1). The internal 
structure of the proximal colon 
and ileum also shows little 
variation; both are smooth in 
appearance. 
 
 
 
 
 
 
 155
 
 
 
Plate 4.2a The boundary between the caecum ‘major’ and caecum ‘minor’ of the 
common ringtail possum is indicated by the arrow head.  
 
 
 
Plate 4.2b The caecum of the ringtail possum, with the minor part of the caecum to the 
right of the arrow head and the major part of the caecum to the left. 
 
 
 
 
 
 
Caecum minor Caecum major
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4.3.4 Discussion 
Although both the rabbit and ringtail possum are caecum fermenters, the gross anatomy 
of the two differ; the rabbit has features absent in the ringtail possum such as the sacculus 
rotundus, the appendix and a strongly haustrated proximal colon, all of which have been 
shown to contribute to the flow of digesta within this section of the GIT.  Findings from 
this research show that the caecum of the ringtail possum does not show the same spiral 
structure as the rabbit, but is at least partly divided into two distinct parts (the caecum 
major and caecum minor). These findings have importance consequences for use of the 
rabbit as a digesta passage model for the ringtail possum. 
 
Since anatomy and physiology are tightly associated, the anatomy of the GIT impacts on 
the physiology and, therefore, digesta passage that can occur. A CSM has been described 
in both the rabbit and ringtail possum; the observations of hindgut anatomy and 
physiology of digesta passage shed new light on this proposal for the ringtail possum.  
The anatomy of the rabbit proximal colon provides a structure for the CSM to move 
fluids and small particles back to the caecum. The anatomy of the ringtail possum 
proximal colon however, does not. Other animals that exhibit a CSM have highly 
developed proximal colons to accommodate this process (Björnhag and Snipes 1999). 
 
Björnhag and Snipes (1999) suggested that there are only subtle differences between the 
proximal colon anatomy of the lagomorphs including the Ochotonidae (pika, Ochotona 
roylei) and Leporidae (hare Lepus europaeus and rabbit Oryctolagus cuniculus) as well 
as other Leporidae. The major difference observed was in their lymph apparatus and in 
the histological parameters of the internal structure of the caecum. In contrast to the 
lagomorphs, the proximal colon differs amongst rodent genera, although they still possess 
a well-developed proximal colon. The species of Cricetidae (e.g. the lemming Lemmus 
lemmus) have a complicated post-caecal spiral; the rat and house mouse that both belong 
to the same suborder as the lemming have a much simpler initial portion of their colon, 
although similarities of the proximal colon of the lemming and rat were highlighted by 
(Björnhag and Snipes 1999). The anatomy of the proximal colon of caviomorph rodents 
(guinea-pig and chinchilla) is distinct from that of other rodents and consequently they 
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have a different type of CSM in action (a ‘mucus-trap’ type) (Björnhag 1987; Björnhag 
and Snipes 1999). These findings strongly suggest that anatomical development of the 
proximal colon is essential for possession of a CSM.  
 
The ringtail possum has been suggested to have a CSM due to observations of long 
retention times of fluid and small particle markers similar to those found in the rabbit 
(Sakaguchi and Hume 1990). However, if anatomical development is necessary for 
presence of a CSM, the lack of development of the proximal colon of the ringtail possum 
would not provide the structure required to separate small particles and fluids from 
digesta. Macroscopically, the proximal colon of the ringtail possum did not show the 
haustrations observed in the rabbit, and the wall of the proximal colon was similar in 
appearance to the ileum, although slightly thicker and striated. Lack of development of 
the proximal colon for retention of large amount of digesta in the ringtail possum has also 
been reported by (Hume 1999). 
 
More research needs to be undertaken to define more closely digesta movement in the 
hindgut of the ringtail possum using methods such as the fluoroscopic techniques used by 
Ehrlein and Ruoff (1982) in rabbits. Faecal elimination curves, caecotrophy and possible 
net water secretion in the proximal colon (as observed in the proximal colon of the 
closely related greater glider (Hume 1999)) indicate that a separation mechanism is 
present in the ringtail possum. A possible location for this mechanism is in the caecum 
minor, which closely resemble the rabbit proximal colon, thus providing a more suitable 
anatomical structure for digesta separation. This separation mechanism would act in a 
similar way to the CSM observed in the rabbit where the fluids and small particles are 
returned to the caecum. To confirm this proposal however, more detailed anatomical and 
functional studies must be undertaken. 
 
4.3.5 Conclusion 
The anatomy of the rabbit hindgut is more complex than that of the ringtail possum. 
Since variation in anatomy has large consequences on digesta movement in the hindgut, 
the use the rabbit GIT as a digesta passage model for the ringtail possum on the basis of 
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anatomy is questionable. Although gross anatomy suggested analogous structures, 
investigation of the hindgut indicated major differences, and the sub-hypothesis ‘that the 
anatomy and physiology of the rabbit GIT is similar to that of ringtail possum’ is 
rejected.   
 
 
4.4  Sub-hypothesis 2 
That the behaviour of rabbits is similar to that of common ringtail possums 
 
4.4.1 Introduction 
Animal behaviour involves the activities of the animal necessary for survival. 
Investigated in this research were foraging, natural diet preference, and circadian rhythms 
in the GIT that initiate caecotrophy and the separation mechanism. Each of these 
behaviours affects the composition of digesta in the GIT, the time the food is in the GIT 
and therefore the functions of the GIT necessary to digest the food components. 
 
Laboratory rabbits and ringtail possums differ fundamentally in foraging behaviour; 
laboratory rabbits are active in both light and dark phases while ringtail possums are 
strictly nocturnal. Wild rabbits have been observed to be more closely comparable to 
ringtail possums in foraging behaviour since they are only active during the dark phase, 
presumably to avoid diurnal predators. The rabbit is terrestrial, eating mainly grasses and 
small shrubs; in laboratory situations this is usually substituted by a processed diet. The 
arboreal ringtail possum rarely descends to the ground and consumes a diet 
predominantly of Eucalyptus foliage; the chemical composition of the two diets differs 
mainly due to the presence of plant secondary metabolites. Eucalyptus foliage is 
characteristically low in concentrations of nutrients, especially protein, has a large 
component that interferes with digestion (lignin and tannins), and has a range of 
potentially toxic secondary metabolites (Cork and Foley 1997). In contrast to the natural 
diet of the ringtail possum, the diet fed to laboratory rabbits in this study was higher in 
protein (23%) and had negligible levels of secondary metabolites. Behavioural 
differences of the two species are summarised in Table 4.3. 
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Table 4.3 Behavioural differences of the ringtail possum and the rabbit.  
Behaviour\ animal Pseudocheirus 
peregrinus 
Oryctolagus 
cuniculus 
(laboratory) 
Oryctolagus 
cuniculus (wild) 
Habit Arboreal Terrestrial Terrestrial 
Periods of activity Nocturnal Diurnal Nocturnal 
Eating/foraging Dark phase Both phases Dark phase 
Caecotrophy Light phase Both phases Light phase 
Nesting  Drey or hollow Hutch Burrow 
Dietary strategy Folivore Herbivore Herbivore 
Diet (Main) Eucalyptus foliage Lucerne pellets Grasses/shrubs 
 
 
An important behaviour observed in both the rabbit and ringtail possum was that of 
caecotrophy. This occurred when the separation mechanism was ‘turned off’ and the 
contents returned to the caecum by the separation mechanism were released in the form 
of caecotrophes or soft pellets which were ingested by the animal. Caecotrophy has been 
suggested to reduce the requirement of small herbivores for dietary nitrogen in general 
and essential amino acids in particular (Cork and Foley 1997). Caecotrophy (combined 
with an internal separation mechanism) is essential in small mammals for a number of 
possible reasons (Chapter 5). A main reason is thought to be due to the time required for 
the multiplication of micro-organisms inhabiting the GIT (which is much longer than the 
MRTs of ingested foods). The generation interval of bacteria in the digestive tract must 
on average be 0.69 times their retention time in order to maintain their numbers (Hungate 
1966). These small animals rely on mechanisms that retain micro-organisms for a 
sufficient time while allowing undigested food residues to pass through relatively quickly 
(Björnhag and Snipes 1999). 
 
Both the rabbit and ringtail possum practise caecotrophy as part of their circadian pattern. 
The frequency with which the animals practise caecotrophy differs. However, for the 
rabbit to be a good digesta passage model for the ringtail possum there must be 
similarities in circadian patterns controlling internal activities. The daily rhythm of the 
biological clocks controlling internal activities does not depend on the 24h cycle of light 
and dark; even in the absence of environmental time cues, these rhythms maintain a 
period close to 24h. The circadian clock regulates various aspects of metabolism, 
physiology and behaviour. Ultradian patterns are those that occur more than once in a 
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24h cycle. Hörnicke et al. (1984) observed that some rabbits suddenly increased hard 
faecal pellet elimination every 2 – 4h, indicating an ultradian periodicity. Infradian 
patterns have periods much greater than 24h and include events such as hibernation, 
migration and the reproductive cycle. 
 
Variations in timing of caecotrophy have been recorded for wild and laboratory rabbits; 
Southern (1942), Myers (1955), Watson and Taylor (1955) and Henning and Hird (1972) 
reported that wild rabbits ingested soft pellets during their resting phase in the day. 
Observations from the laboratory rabbit vary; Eden (1940), Thacker and Brandt (1955) 
and Sharkey (1971)  found that laboratory strains practise caecotrophy during the night. 
Taylor (1940) and Bonnafous and Raynaud (1967) on the other hand reported that 
ingestion occurred during the day, while Scheunert and Zimmermann (1952) found that it 
occurred several times over the 24 h cycle.  
 
Chilcott and Hume (1985) demonstrated conclusively that ringtail possums ingest 
caecotrophes at regular intervals during daylight hours only.  
 
Patterns of caecotrophy are possibly associated with time of feeding since both the wild 
rabbit and ringtail possum feed only in the dark phase, while laboratory rabbits are either 
restricted or unrestricted fed. Ruckebusch and Hörnicke (1977) showed that rabbits 
offered food only between 1000h and 1400h began to produce and ingest caecotrophes 8 
± 1h after the start of feeding. Chilcott (1982) showed that in the ringtail possum 
ingestion of caecotrophes commenced approximately 13 h after the start of feeding. The 
rabbits in this research were fed ad libitum; Hörnicke et al. (1984) found that rabbits fed 
ad libitum usually practised caecotrophy between 0600h and 1200h, but some animals 
had two periods of caecotrophy. Jilge (1982) reported that the length of the light phase 
can alter the circadian rhythm of caecotrophy and suggested that age and hereditary of the 
rabbit may also be involved.  
 
To identify differences in the behaviour of rabbits and ringtail possums, three analyses 
are reported: 1) laboratory observations of behaviour, particularly faecal elimination 
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patterns; 2) correlograms to detect similarities in GIT function between individual 
animals; and 3) time series analysis (spectral densities and autocorrelations). 
 
4.4.2 Laboratory observations 
Animal behaviour (hard pellet elimination, in particular) was observed during the 
experimental period and circadian patterns were investigated using this information 
together with previous research of circadian patterns. Hörnicke et al. (1984) suggested 
that the presence of hard pellets indicated that the separation mechanism was switched on 
and caecotrophy was not occurring; conversely, the absence of hard pellets indicated 
caecotroph ingestion was occurring or had occurred. 
 
4.4.2.1 Methods 
Observations of behaviour were recorded when faecal collections were made and 
compared with published findings on faecal pellet production in the rabbit and ringtail 
possum. Observations of faecal elimination patterns were displayed in 24h clocks. The 
24h clocks were established for the first 96h of the experiment for each rabbit and ringtail 
possum. During this time, collections were regular (1 – 4 h) and patterns in hard pellet 
production were identified for each animal. Together, the recorded observations and 
faecal elimination patterns indicated events of internal (separation mechanisms) and 
external recycling of nutrients (caecotrophy). 
 
4.4.2.2 Results 
The 24h clocks for rabbits are shown in Figure 4.2; variation in elimination patterns 
between animals is apparent.  Periods of no faeces production, increased faeces 
production and collection of ‘intermediate faeces’ were recorded. Intermediate faeces are 
those rejected by the animal but still resembling caecotrophes, often attached to hard 
pellets. This type of faeces suggests an end of the caecotrophic period and therefore was 
used to identify the cessation of periods of caecotrophy. Figure 4.2 shows that the 
reduction or cessation of hard pellet production is consistent with the production of the 
intermediate faeces. 
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Most of the intermediate faeces were rejected by rabbits 1, 7, 8, 9 and 10 at 1200h, 
rabbits 3, 7, 8 and 11 regularly rejected intermediate faeces at 2400h, while rabbits 3 and 
9 rejected intermediate faeces at 0600h. The patterns of intermediate faeces appearance 
suggest that the rabbits were practising caecotrophy more than once in each 24h period 
(Table 4.4).  
 
Table 4.4 Observations of intermediate faeces eliminated by rabbits over the 
experimental period (Where X = one episode of ‘intermediate faeces’ collected). 
Time of Day Rabbit  No  
0600h 1200h 1800h 2400h 
1 X XXXXX  X 
3 XXXXXXX XXXX X XXXXX 
7 X XXXXXX XX XXXX 
8  XXXXXXX X XXXXXXX 
9 XXXXXXXXX XXXXXXXXX XX  
10 XX XXXX X X 
11   X XXX 
 
There did not appear to be any cohesion in behaviour between the rabbits; that is, each 
appeared to have its own rhythm. Although rabbits 3 and 9 showed similar caecotrophic 
activity at 0600h (indicated by intermediate faeces), the similarity was not observed at 
1200h or 2400h. From Figure 4.2 and Table 4.4, rabbits 7 and 8 appeared to practise 
caecotrophy in a diphasic manner, at approximately 1200h and 2400h. Hard pellets were 
produced throughout the 24 h, even during periods when caecotrophy was thought to be 
occurring. Periods of increased hard pellet production, also observed by Hörnicke et al.  
(1984) were observed in the rabbits, as were periods of low hard pellet production 
(thought to be associated with the caecotrophic phase). 
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Figure 4.2 24h biological clocks for seven rabbits (1999) showing patterns of hard faeces 
production. 
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Figure 4.2 (Cont.) 24h biological clocks for seven rabbits (1999) showing patterns of 
hard faeces production. 
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The rabbits in this study fed and defaecated over the 24h and periods of rest and sleep 
were short and rarely observed. Since few or no consistent patterns were observed, 
correlograms were established. Correlograms allowed for the identification of events that 
occurred within each animal and how closely those events related to the events occurring 
in other animals. In this analysis each possible pair of rabbits was compared (Section 
4.4.3). 
 
The rabbits in this study were fed ad libitum; Hörnicke et al. (1984) found that rabbits fed 
ad libitum usually practised caecotrophy between 0600h and 1200h, and that some 
animals had two periods of caecotrophy. Since the animals were maintained on 12:12 
light: dark, photoperiod length was not expected to influence the pattern of caecotrophy 
between animals. Jilge (1982) suggested that patterns of caecotrophy may be related to 
age or genetics. However, the rabbits in this experiment were all from the same source 
(laboratory bred) and were all selected as ‘young females’. 
 
Since food intakes were measured daily in this study, patterns of food intake could not be 
used to indicate caecotrophy; feed intake patterns have been shown to inversely follow 
hourly caecotroph production (Hörnicke et al. 1984) They proposed that there must be an 
internal coupling of the rhythms of food intake and caecotroph ingestion. Hörnicke et al. 
(1984) observed that in animals fed ad libitum and in fasted animals the caecotrophy 
period regularly began 2 ± 1 h after a steep decline in caecal contraction frequency, 
indicating a functional relationship. This relationship was not observed in animals fed 
only 4h per day, in which caecotrophy began 3 – 8 h after the end of feeding, independent 
of the time of day and of the rhythm of caecal contractions. When animals were restricted 
fed, caecotrophy was the consequence of mechanical and metabolic effects of food 
digestion and not the internal clock.  
 
From their findings, Hörnicke et al. (1984) concluded that, under ad libitum conditions, 
eating, caecal motility and caecotrophy depended on the same circadian clock and hence 
remain in a fixed phase relationship. However, it was observed that food prehension and 
variations in eating rate can directly stimulate caecal motility by psychic and gastric 
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factors, and that the rhythm of caecal contractions also occurs during fasting. The 
periodicity of hard and soft faeces production was suggested to have little or no direct 
dependence on diurnal variation in caecal contraction frequency; they agreed with 
Ruckebusch and Hörnicke (1977) that caecal contraction frequency depended on motility 
and secretion and absorptive process in the colon which, in turn, were under the control 
of one or more circadian clocks. The sudden increases in hard faeces elimination were 
independent of feeding and of the circadian clock, and were suggested to be the 
consequence of ultradian rhythms of colonic motility Hörnicke et al. (1984). 
 
The behaviour observed in the rabbits was complex; previous research and the spectral 
densities (Section 4.4.4) indicate that there are a number of events occurring in the 
hindgut which are necessary for the retention of fluids and small particles and the 
production of caecotrophes.  
 
In contrast to the rabbits, the ringtail possums were uniform in behaviour. The animals 
were active only during the dark phase; hence hard pellets were produced only at this 
time (1800 – 0600h), there were never any intermediate faeces produced, and 
caecotrophy was practised during the light phase. The ringtail possums were strongly 
affected by the lighting regime; even though the ringtail possums of the 2001 experiment 
were ‘day-light reversed’ their production of caecotrophes was resynchronised and 
caecotrophy was only practised during the light phase. Figure 4.3 and Figure 4.4 show 
individual animal patterns for the first 96 h of collection for the ringtail possums of the 
2000 and 2001 experiments respectively. 
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Figure 4.3 24h biological clocks for seven ringtail possums (2000) showing patterns of 
hard faeces production. 
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Figure 4.3 (Cont.) 24h biological clocks for seven ringtail possums (2000) showing 
patterns of hard faeces production. 
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Figure 4.4 24h biological clocks for four ringtail possums (2001) showing patterns of 
hard faeces production. 
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The consistency of the ringtail possums of the 2000 experiment is shown in Figure 4.3; 
after the first 48 h there were rarely or never any hard pellets produced before 2000h or 
after 0400 h. Similar consistency was observed in the ‘day-light reversed’ 2001 ringtail 
possums (Figure 4.4) (to avoid confusion the times have been re-reversed to be 
comparable to the 2000 ringtail possum experiment). It was interesting to note that hard 
pellet production was confined to 2000h and 0600h in three of the four ringtail possums 
in the 2001 experiment. Unlike the rabbits, there were never any sudden increases in hard 
pellet production in any of the possums in either experiment. From faecal elimination 
alone the behaviour of the ringtail possums exhibit a much simpler pattern of digesta 
movement through the GIT. 
 
Like the rabbit caecotrophes, Chilcott (1982) demonstrated conclusively in ringtail 
possums that caecal material is eliminated as caecotrophes at regular intervals while 
resting during daylight hours. There was a rapid change in composition of faeces as soon 
as the animals entered their nest boxes at ‘dawn’; the nitrogen content increased from 
1.2% to a maximum of 6.0%, while dry matter content declined from about 54% to a 
minimum of 22%. Faecal composition reverted to that of hard faeces toward the end of 
the light phase. 
 
The frequency of caecotrophic periods and the number of soft faeces ingested during 
each of these periods were described by (Chilcott 1982). The ringtail possums practised 
caecotrophy approximately 16 times (range 13 – 23) each day between 0626h and 1630h 
and during each of these periods of ingestion an average of 3.8 caecal pellets, hence 61 
(range 48 – 69) pellets, were consumed per day. Comparative observations have not been 
reported in the rabbit. However, from the 24h clocks, caecotrophy occurred at least once 
during each 24h period for each of the rabbits and each was separated by periods of hard 
pellet production.  
 
Another behavioural difference identified in the literature which could potentially cause 
variations in digesta passage in the ringtail possum and the rabbit was the ingestion of 
hard pellets. Hörnicke and Björnhag (1980) recorded ingestion of hard faeces by 
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lagomorph species, but (Chilcott 1982) suggested that this was unlikely to occur in the 
ringtail possum since animals attempt to maximise their intake of nutrients per unit time, 
and since hard faeces contained similar levels of nitrogen and higher levels of fibre than 
the Eucalyptus foliage it would be uneconomical for the ringtail possum to ingest hard 
faeces during the foraging dark phase. Later Chilcott and Hume (1985) confirmed that 
hard faeces eliminated by the ringtail possum during the foraging phase are not eaten.  
 
No evidence of hard faeces ingestion was observed in this study in either species (rabbit 
or ringtail possum). Although ingestion of hard faeces by lagomorphs has been reported 
(Eden 1940; Southern 1942; Hirakawa 1983) it was not known how many, and under 
what conditions they were ingested (Hirakawa 1994).  
 
Hirakawa (1994) reported that the Japanese hare ingested all soft and hard faeces 
eliminated during the daytime. He reported findings from Ebino (unpublished note) who 
video-recorded domestic rabbits and found that all practised hard faeces ingestion and 
that hard faeces ingestion occurred at intervals of 10 – 60 min. Hirakawa (1994) 
suggested three possible explanations for why researchers had not previously found 
evidence for hard faeces ingestion: 1) hard pellets are thoroughly masticated and hence 
cannot be identified in the stomach as opposed to the caecotrophes which can be found in 
the stomach intact up to eight hours after swallowing; 2) hard faeces ingestion is difficult 
to detect since hard pellets as well as soft pellets are taken directly from the anus; and 3) 
faeces ingestion behaviour is difficult to observe even in the domestic rabbit. 
 
It has been reported in the mountain beaver (Aplodontia rufa) that caecotrophic periods 
occur 6 to 7 times per 24h, during this time all the faeces are ingested (Ingles 1961). In 
the large intestine the faeces were arranged as 10 to 20 smaller hard faecal pellets with 
occasional large soft pellets between the hard pellet groups. The findings of Hirakawa 
(1994) suggest that this also may be possible for faecal elimination in the rabbit.  
 
Although the rabbits were not observed to ingest their hard faeces in this experiment, 
from the findings of Hirakawa (1994) it is possible that they did; this adds another 
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dimension to the differences observed in the complexity of digesta flow patterns between 
the rabbit and ringtail possum.  
 
4.4.3 Correlograms 
Correlograms (correlation plots) were generated for the rabbits because of the lack of 
conformity observed in their circadian patterns of faecal production (including 
caecotrophy) and food intake. For a compartmental model to be developed there needed 
to be strong correlations between animals for statistical confidence in the model.  
 
Correlograms were generated for each rabbit paired to every other rabbit for each metal 
(Cr, Dy or Eu) fed as the continuous dose in the daily feed; plots give the degree to which 
the two animals become synchronised. The higher the correlations without moving 
(adjusting) one to the other, the more closely related are the two in faecal elimination 
behaviour. This analysis reveals the behaviour of animals in relation to each other; from 
the frequency of their faecal elimination and by comparing the frequency of the metals 
(Cr, Dy and Eu) in the faeces, the elimination patterns of each metal by each animal can 
be compared.   
 
4.4.3.1  Methods 
The STATA statistical program was used to generate the correlograms. Each rabbit faecal 
elimination curve was graphed against each other for each metal; 66 plots were 
generated.  In this program the faecal elimination curves for the two rabbits of interest 
were literally ‘lined up’ and moved against each other to maximise the association of the 
peaks in faecal elimination. When strong correlations occurred, peaks representing the 
percentage correlation were observed; when no or negative correlations occurred troughs 
and negative percentage correlations were observed. 
 
4.4.3.2 Results 
Figures 4.5 and 4.6 show correlograms of Cr for rabbits with strong and weak 
correlations respectively. Correlograms for all rabbits are shown in Appendix 2. An 
important feature of the correlograms is “lag” (the observation time point and how much 
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the curve must move to fit), lag = 10 * Time hence lag = 20 indicates that there is a 2 h 
adjustment of one faecal elimination curve in relation to the other. Lag = 0, is the point 
the faecal elimination curves for both of the rabbits have not been adjusted. Therefore a 
strong correlation at this point indicates that: 1) the elimination patterns of the metal in 
the two rabbits are also strongly associated; and 2) if the peak is > 0.50 % (y-axis) then 
the correlation of the rabbits for the specific metal is significant.  
 
Figure 4.5 shows rabbits with significant correlations (0.50%) at lag = 0. Rabbits 3 and 8, 
3 and 11, and 1 and 9 show significant correlations, while 9 and 10 were related although 
not significantly so. Other pairs of rabbits that showed strong association were 1 and 3 
and 1 and 8 (Appendix 2). Rabbits showing strong dissociation (Figure 4.6) were 3 and 
10, 7 and 11, and 10 and 11; rabbits 7 and 10 showed a weak, not significant association 
(25%). Other rabbits showing weak association were 3 and 9, 7 and 9, and 8 and 10. 
 
The correlograms for Dy and Eu showed less significant association than Cr, again 
indicating marker inconsistencies as identified in Chapter 3. The only rabbit pair that 
showed significant correlation for Dy was 9 and 10. Significant negative associations 
which were not observed for Cr were observed in the Dy correlograms for pairs 1 and 11, 
3 and 7, 3 and 9, 3 and 10, 7 and 11, 8 and 9, 8 and 10, 8 and 11, and 10 and 11 
(Appendix 2). Results from Eu elimination curves were identical to those from Dy; the 
only rabbit pair that showed significant correlation for Eu was 9 and 10. Significant 
negative associations were also very similar to Dy correlograms for pairs 3 and 7, 3 and 
9, 3 and 10, 7 and 11, 8 and 9, 8 and 10, 8 and 11, and 10 and 11 (Appendix 2).   
 
The correlograms demonstrated, that even with rigorous adjustments (lag ± 40) of timing 
of faecal elimination curves and removal of faecal collection peaks <100 h (pre 
continuous dose) and > 450 h, almost no rabbits were able to be synchronised. This has 
major implications for model development of the rabbit since at each faecal collection 
time there were not statistically enough rabbits defaecating and hence averaged patterns 
derived from all seven rabbits were unable to be determined. Due to this and the 
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occurrence of other undefined circadian rhythms in the hindgut, it was impossible to 
determine a consistent faecal elimination pattern for the seven rabbits. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 Correlograms for rabbits showing rabbits with strong correlation for faecal 
elimination of Cr. 
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Figure 4.6 Correlograms for rabbits showing rabbits with different patterns (and 
therefore weak correlations for faecal elimination of Cr). 
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4.4.4 Time series analysis: Spectral analysis and autocorrelation 
Spectral density uses time series to identify recurring patterns of ‘events’ that occur at 
regular time intervals. Time Series performs uni-variate and multi-variate analysis and 
enables exploration of both stationary and non-stationary models (www.additive-
net.de/software/mathematica).  
 
Approaches often used to detect and quantify serial patterns in longitudinal data are: 1) 
spectral analysis; and 2) autocorrelation analysis.  The first approach translates the ‘time 
domain’ observations into the ‘frequency domain’ and then attempts to isolate the 
frequencies most evidently responsible for ‘repeated’ undulations in the data.  The second 
approach, while actually statistically an integral step towards the first, retains the time 
series basis of the observations and attempts to locate shifts of the dataset along itself 
which most strongly repeat the traits of the ‘un-shifted’ dataset.  Thus the extent of the 
shifting of the dataset along itself to accomplish this provides another guide of the 
repeating patterns of the dataset. 
 
Time series analysis therefore detects patterns in the elimination data (possibly linked to 
underlying digestive mechanisms, or sub mechanisms).  
 
4.4.4.1 Methods 
Spectral analysis 
The original form of the data for both the rabbits and ringtail possums was not conducive 
to direct spectral analysis. The data in these experiments were unevenly distributed in 
time, and did not contain replicate sampling patterns across all animals in each species 
group.  To prepare the data for spectral analysis the data were ‘interpolated’ (that is, the 
method of finding intermediate terms from a few given terms of a series of observations, 
which remain in conformity with the law of the series). To perform the interpolation the 
statistical software STATA (STATA 7, STATA Corp, College Station Texas, 2000) was 
used and the following processing sequence was undertaken: 
1. All time points were converted to integer values (hourly times) 
2. Time series set the time values 
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3. Time series ‘filled’ the observations 
4. Observations were interpolated to ensure the regularity of the data for spectral 
analysis 
 
The STATA sequence to perform the above processing sequence of data transformations 
was the following: 
1. replace time=int(time+.51) 
2. tsset time 
3. tsfill 
4. ipolate `metal'c time, gen(i`metal'c) epolate 
 
To confirm that the process of interpolation did not distort the ‘actual’ observations, each 
faecal elimination curve was plotted for each animal (rabbit and ringtail possum) 
confirming that the original data had not been distorted and that outcomes of the time 
series were directly related to the observed values. Figure 4.7 shows an example (Rabbit 
1 – Cobalt) of this process undertaken for all animals for each pulse dose metal (Co, Tm 
and Yb) to ensure that data had not been distorted by the STATA preparation of 
interpolation of observations, thus ensuring the regularity of the data for spectral analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Sample graph of metal concentration against time after pulse dosing (rabbit 1 
– generated for each animal and metal) confirming minimal distortion of the observed 
data points (cocold +) from the interpolation of the data (ico1 ____) using STATA. 
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Once the data were prepared for every rabbit and ringtail possum for the metals Co, Tm 
and Yb in the above fashion, further time series analysis (spectral and autocorrelation 
analysis) were carried out with NCSS 2000 (NCSS 2000 Statistical System for Windows. 
Published by Number Cruncher Statistical Systems, JT Hintze, Utah, USA, 2002). 
 
Spectral representation 
The following formulae for the spectral representation of the data, the periodogram, the 
sample spectrum, and the autocorrelation were all taken from Hintze’s account of the 
NCSS software (Hintze J, 2002: NCSS 2000, User Guide II.  Published by “Number 
Cruncher Statistical Software”). 
 
Given a time series of observations, ‘X’, this series can be portrayed as a spectral 
sequence as follows: 
 
 Xt = Σ ajcos(fjt) + Σbj sin(fjt) + et 
 
where the sum is over frequencies fj., (the values of the frequencies are scaled to 
accommodate the number and temporal extent of the observations).   
 
Using the method of least squares, a best set of values for aj, and bj to describe Xt in 
terms of the spectral components was obtained; such a ‘best set of spectral components’ 
is referred to as ‘Fourier’ representation of X.  The highest frequency which could be 
extracted from the data was found to be exactly one half of the ‘highest’ sampling rate.  
Usually the sampling rate is constant; however, in this study the sampling rate was 
irregular. 
 
Once the Fourier representation of the data (faecal collections) was obtained, the 
‘Periodogram’ could be obtained as follows: 
 
 I(fk) = N.(ak2 + bk2)/4.Π 
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The sample spectrum was obtained from the Periodogram using 
  
 P(fj) = Σ I(fj+k)/2K+1 
 
where the sum is over k, and runs from k=-K, -(K-1), … 0, … , (K-1), K. 
  
Because the data had to be interpolated to regularise them for spectral analysis, and 
because the low frequency enhancement associated with interpolation needed 
compensation, the following steps were preformed before achieving the final estimate of 
the sample spectrum: the mean and the trend (least squares regression) of the values were 
removed, and the periodogram (a crude version of the spectrum) was smoothed over five 
frequency points to provide estimates of the ‘sample spectrum’  For the rabbits, each 
spectrum was found to be significantly more structured than white noise, as judged by the 
Portmanteau test (Box and Pierce 1970). However, only two of the ringtail possum 
spectra were significantly more structured than white noise. 
 
Figures 4.8a, b and c show the spectral densities for rabbits and Figures 4.9a, b and c the 
ringtail possums.  
 
Autocorrelation analysis 
Again in NCSS (Hintze 2002), the faecal data of the rabbits and ringtail possums in the 
time domain were analysed using autocorrelation analysis.  Again the mean and trend 
were removed from the observations because of the interpolation described above. 
 
If the observations are represented using Xi, where i denotes the temporal point of the 
observation, the autocorrelation for a sequence of such X’s (also called a time series) can 
be determined using the relationship 
 
 rk = Σ (Xi – X).(Xi+k – X) / Σ (Xi – X)2 
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where the sums, Σ, are over the set of available X (clearly i+k cannot extend beyond the 
limit of the data subscripts). 
 
Figures 4.10a, b and c and 4.11a, b and c show the plots of rk for k ranging from 1 to 
about 40 (see actual plots) for rabbit 1 and ringtail possum 1 for each metal (Co, Tm, 
Yb), faecal patterns in rk associated with specific k, or lag values, for the various markers, 
and the two species examined in the Section 4.4.4.2. 
 
 
4.4.4.2 Results 
Spectral representation 
Figures 4.8a, b and c show the spectral densities for rabbits and Figures 4.9a, b and c the 
ringtail possums for each marker (Co-EDTA, Tm-P and Yb-P respectively). Attention 
was drawn to wavelengths (1/frequency) coinciding with 6, 8, and 12 h cycles. There 
were also some instances where 16 and 24h cycles exist. Rabbit 10 showed a 24h cycle 
which was virtually independent of harmonics (secondary and less distinct tone) or more 
fundamental components. 
 
Association between the markers (fluid and small particles) was again evident in this 
analysis, with spectra showing similar peaks for the three markers Co-EDTA, Tm-P and 
Yb-P. Peaks appeared to recur at 6, 8, 12, 16 and 24h and the spectra were unique for 
each animal. Figures 4.8a, b and c highlight the similarity of the peaks and Table 4.5 
summarises the peaks expected to show a significant ‘event’ at these times for the rabbits. 
The same is shown for the ringtail possums in Figures 4.9a, b and c and Table 4.6. 
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Figure 4.8a Spectral densities for cobalt for all rabbits. 
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Figure 4.8b Spectral densities for thulium for all rabbits. 
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Figure 4.8c Spectral densities for ytterbium for all rabbits. 
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Figure 4.9a Spectral densities for cobalt for all ringtail possums. 
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Figure 4.9b Spectral densities for thulium for all ringtail possums. 
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Figure 4.9c Spectral densities for ytterbium for all ringtail possums. 
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Table 4.5 Spectral peaks observed in rabbit behaviour, (where x indicates peaks seen in 
Figures 4.8a, b and c). 
Peaks observed  6h 8h 12h 16h 24h 
Rabbit 1  x  x  x 
Rabbit 3  x x x x 
Rabbit 7 x  x  x 
Rabbit 8   x x x 
Rabbit 9 x  x x  
Rabbit 10     x 
Rabbit 11  x x x x 
 
 
Table 4.6 Spectral peaks observed in ringtail possum behaviour, (where x indicates peaks 
observed in Figures 4.9a, b and c). 
Peaks observed  6h 8h 12h 16h 24h 
Possum 1    x  x 
Possum 2  x x  x 
Possum 3  x x  x 
Possum 4  x x   
Possum 5     x 
Possum 6    x  
Possum 7  x x  x 
 
 
Autocorrelation analysis 
The autocorrelation analysis showed which of the peaks from the spectral analysis 
actually represented a significant recurring event. 
 
Although autocorrelation analysis was undertaken for each animal, actual reports are only 
presented for rabbit 1 and ringtail possum 1. Figures 4.10a, b and c and 4.11a, b and c 
present the plots of rk for k ranging from 1 to 30 for rabbit 1 and from 1 to 39 for ringtail 
possum 1 for each metal (Co, Tm and Yb), as well as the plots of marker faecal 
elimination curves discussed in Section 4.4.4.1. Table 4.7 shows significant recurring 
events of hard faecal elimination patterns in rk associated with specific k, or lag values, 
for the various markers eliminated in the rabbits. 
 
 
 
 
 188
 Autocorrelation Report 
Page/Date/Time 1    7/15/2002 12:10:17 AM 
Database C:\PROGRAM FILES\NCSS97\REPORT\RABBIT DATA.S0 
Variable Co - Rabbit 1 (1,0,12,1,1) 
 
Autocorrelation Plot Section 
 
-1.0
-0.5
0.0
0.5
1.0
0.0 7.8 15.5 23.3 31.0
Autocorrelations of Co - Rabbit 1 (1,0,12,1,1)
Time
A
ut
oc
or
re
la
tio
ns
 
 
Autocorrelations of Co - Rabbit 1 (1,0,12,1,1) 
Lag Correlation Lag Correlation Lag Correlation Lag Correlation 
1 0.337061 9 -0.164546 17 -0.007181 25 0.168821 
2 -0.325878 10 -0.273471 18 -0.006527 26 0.039039 
3 -0.180747 11 0.080755 19 -0.004351 27 -0.002202 
4 -0.035615 12 0.434980 20 -0.002175 28 -0.043442 
5 -0.035957 13 0.106861 21 -0.073753 29 -0.041950 
6 -0.036298 14 -0.221258 22 -0.145330 30 -0.040458 
7 -0.045959 15 -0.114547 23 0.076636   
8 -0.055621 16 -0.007836 24 0.298603   
Significant if |Correlation|> 0.092057 
 
Data Plot Section 
 
0.0
625.0
1250.0
1875.0
2500.0
0.9 119.1 237.4 355.6 473.9
Plot of Co - Rabbit 1
Time
C
o 
- R
ab
bi
t 1
 
  
Figure 4.10a The autocorrelation report showing plots of rk for k ranging from 1 to 30 
for Co elimination faecal elimination from rabbit one. 
 
A significant lag correlation  
(> 0.092057) suggests that the 
peak at this time (x-axis) is 
significant and re-occurring. 
Plot to describe how little the 
process of interpolation may 
have distorted the ‘actual’ 
observations Section 4.4.4.1. 
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 Autocorrelation Report 
Page/Date/Time 1    7/15/2002 12:25:25 AM 
Database C:\PROGRAM FILES\NCSS97\REPORT\RABBIT DATA.S0 
Variable Tm - Rabbit 1 (1,0,12,1,1) 
 
Autocorrelation Plot Section 
 
-1.0
-0.5
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Autocorrelations of Tm - Rabbit 1 (1,0,12,1,1) 
Lag Correlation Lag Correlation Lag Correlation Lag Correlation 
1 0.318796 9 -0.146327 17 -0.016592 25 0.140276 
2 -0.362408 10 -0.242950 18 -0.016938 26 0.020490 
3 -0.201486 11 0.116122 19 -0.016432 27 -0.001954 
4 -0.040564 12 0.475194 20 -0.015926 28 -0.024399 
5 -0.038876 13 0.122616 21 -0.075496 29 -0.024600 
6 -0.037187 14 -0.229961 22 -0.135067 30 -0.024801 
7 -0.043446 15 -0.123103 23 0.062498   
8 -0.049705 16 -0.016245 24 0.260063   
Significant if |Correlation|> 0.092057 
 
Data Plot Section 
 
0.0
1500.0
3000.0
4500.0
6000.0
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Figure 4.10b The autocorrelation report showing plots of rk for k ranging from 1 to 30 
for Tm elimination faecal elimination from rabbit one. 
 
 190
 Autocorrelation Report 
Page/Date/Time 1    7/15/2002 12:28:29 AM 
Database C:\PROGRAM FILES\NCSS97\REPORT\RABBIT DATA.S0 
Variable Yb - Rabbit 1 (1,0,12,1,1) 
 
Autocorrelation Plot Section 
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Autocorrelations of Yb - Rabbit 1 (1,0,12,1,1) 
Lag Correlation Lag Correlation Lag Correlation Lag Correlation 
1 0.281074 9 -0.126655 17 -0.006147 25 0.099617 
2 -0.437852 10 -0.230787 18 -0.006248 26 0.021132 
3 -0.227517 11 0.105370 19 -0.006165 27 0.003154 
4 -0.017183 12 0.441527 20 -0.006082 28 -0.014824 
5 -0.017283 13 0.120929 21 -0.068681 29 -0.014895 
6 -0.017383 14 -0.199670 22 -0.131281 30 -0.014966 
7 -0.019953 15 -0.102857 23 0.023410   
8 -0.022523 16 -0.006045 24 0.178102   
Significant if |Correlation|> 0.092057 
 
Data Plot Section 
 
0.0
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1750.0
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Time
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Figure 4.10c The autocorrelation report showing plots of rk for k ranging from 1 to 30 for 
Yb elimination faecal elimination from rabbit one. 
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 Autocorrelation Report 
Page/Date/Time 1    7/15/2002 1:53:36 AM 
Database D:\WINSAAM\FAICHNEY\HERBIVOR ... BIT MRT\POSSUM PULSE DATA.S0 
Variable Co Possum 1 (1,0,12,1,1) 
 
Autocorrelation Plot Section 
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Autocorrelations of Co Possum 1 (1,0,12,1,1) 
Lag Correlation Lag Correlation Lag Correlation Lag Correlation 
1 0.602157 11 -0.018544 21 -0.107781 31 0.099790 
2 0.204313 12 -0.031827 22 -0.077626 32 0.089327 
3 0.147651 13 -0.045109 23 0.001992 33 0.078864 
4 0.090988 14 -0.058392 24 0.081611 34 0.068402 
5 0.069428 15 -0.071674 25 0.074277 35 0.057939 
6 0.047868 16 -0.084957 26 0.066942 36 0.047476 
7 0.034586 17 -0.098239 27 0.115340 37 0.037014 
8 0.021303 18 -0.111521 28 0.163738 38 0.026551 
9 0.008021 19 -0.124729 29 0.136995 39 0.016088 
10 -0.005262 20 -0.137937 30 0.110253   
Significant if |Correlation|> 0.100125 
 
Data Plot Section 
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Figure 4.11a The autocorrelation report showing plots of rk for k ranging from 1 to 39 
for Co elimination faecal elimination from ringtail possum one. 
 
A significant lag correlation  
(> 0.100125) suggests that the 
peak at this time (x-axis) is 
significant and re-occurring. 
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 Autocorrelation Report 
Page/Date/Time 1    7/15/2002 1:56:59 AM 
Database D:\WINSAAM\FAICHNEY\HERBIVOR ... BIT MRT\POSSUM PULSE DATA.S0 
Variable Tm Possum 1 (1,0,12,1,1) 
 
Autocorrelation Plot Section 
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Autocorrelations of Tm Possum 1 (1,0,12,1,1) 
Lag Correlation Lag Correlation Lag Correlation Lag Correlation 
1 0.624135 11 -0.034558 21 -0.104241 31 0.079738 
2 0.248271 12 -0.047453 22 -0.058744 32 0.069778 
3 0.171827 13 -0.060349 23 0.029032 33 0.059818 
4 0.095382 14 -0.073244 24 0.116807 34 0.049858 
5 0.062650 15 -0.086139 25 0.107594 35 0.039898 
6 0.029917 16 -0.099034 26 0.098382 36 0.029938 
7 0.017022 17 -0.111929 27 0.132607 37 0.019978 
8 0.004127 18 -0.124824 28 0.166831 38 0.010018 
9 -0.008768 19 -0.137281 29 0.128265 39 0.000058 
10 -0.021663 20 -0.149738 30 0.089698   
Significant if |Correlation|> 0.100125 
 
Data Plot Section 
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Figure 4.11b The autocorrelation report showing plots of rk for k ranging from 1 to 39 
for Tm elimination faecal elimination from ringtail possum one. 
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 Autocorrelation Report 
Page/Date/Time 1    7/15/2002 1:59:22 AM 
Database D:\WINSAAM\FAICHNEY\HERBIVOR ... BIT MRT\POSSUM PULSE DATA.S0 
Variable Yb Possum 1 (1,0,12,1,1) 
 
Autocorrelation Plot Section 
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Autocorrelations of Yb Possum 1 (1,0,12,1,1) 
Lag Correlation Lag Correlation Lag Correlation Lag Correlation 
1 0.541705 11 -0.034407 21 -0.104316 31 0.073153 
2 0.083409 12 -0.043020 22 -0.096814 32 0.066993 
3 0.058500 13 -0.051633 23 -0.032620 33 0.060834 
4 0.033591 14 -0.060246 24 0.031572 34 0.054674 
5 0.021125 15 -0.068859 25 0.029767 35 0.048514 
6 0.008659 16 -0.077472 26 0.027962 36 0.042355 
7 0.000046 17 -0.086086 27 0.066671 37 0.036195 
8 -0.008567 18 -0.094699 28 0.105380 38 0.030036 
9 -0.017180 19 -0.103258 29 0.092346 39 0.023876 
10 -0.025794 20 -0.111818 30 0.079312   
Significant if |Correlation|> 0.100125 
 
Data Plot Section 
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Figure 4.11c The autocorrelation report showing plots of rk for k ranging from 1 to 39 for 
Yb elimination faecal elimination from ringtail possum one. 
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Table 4.7 Significant recurring patterns (represented by X) of fluid and small particle 
markers (Co, Tm and Yb) in the faecal elimination curves of seven rabbits. 
 
LAG 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 
R1 Co            X            X X      
R1 Tm           X X            X X      
R1 Yb           X X            X X      
R3 Co        X X       X X      X X       
R3 Tm       X X X      X X X X     X X       
R3 Yb       X X X      X X X X     X X       
R7 Co          X X           X         
R7 Tm          X X         X X X         
R7 Yb          X X         X X X         
R8 Co           X X X X          X X      
R8 Tm           X X X X          X X      
R8 Yb           X X X X          X X      
R9 Co          X X X                   
R9 Tm          X X       X             
R9 Yb          X        X             
R10Co                     X X X  X X X X X  
R10Tm                     X X    X X X X  
R10Yb                     X X     X X X  
R11Co          X X                 X   
R11Tm          X X X                   
R11Yb          X X X                   
 
 
 
Table 4.7 suggests that in most rabbits there is a significant peak at lag 12 which 
represents time approximately 12h (12.5h) and again at lag 24 (24.1h), confirming that 
these peaks seen in the spectral densities were significant. Significant peaks were also 
observed for rabbit 3 at lag 8 (8.6h) and lag 16 (16.3h). Hence in this rabbit, as well as 
the event at 24h, there was also an event at every 8.6 and 16.3h.  The peak of rabbit 10 at 
lag 24 (24.1h) extended to lag 29 (31.9h) which was unique to this animal. Peaks in 
spectral densities at 6 and 8 h were not found to be significant from the autocorrelation 
analysis except for rabbit 3 who showed a significant peak at 8h.  
 
Table 4.8 shows the significant reoccurring events of hard faecal elimination patterns in 
rk associated with specific k, or lag values, for the various markers eliminated in the 
ringtail possums.  
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Table 4.8 Significant recurring patterns (represented by X) of fluid and small particle 
markers (Co, Tm and Yb) in the faecal elimination curves of seven ringtail possums. 
 
LAG 1 2 3 4 5 6 7 8 9 1
0 
1
1 
1
2 
1
3 
1
4 
1
5 
1
6 
1
7 
1
8 
1
9 
2
0 
2
1 
2
2 
2
3 
2
4 
2
5 
2
6 
2
7 
2
8 
2
9 
3
0 
3
1 
P1 Co                           X X X X  
P1Tm                        X X  X X X   
P1Yb                            X    
P2 Co                     X X X X X X      
P2Tm                     X X X X X X      
P2Yb        X X X X           X X X X       
P3 Co                        X X X      
P3Tm                       X X X X      
P3Yb                        X X       
P4 Co                  X      X X       
P4Tm                  X      X        
P4Yb                 X X              
P5Co  X X X X                       X X X  
P5Tm  X X X                            
P5Yb   X X X X X                         
P6Co  X X X X X X                         
P6Tm  X X X X X X X          X              
P6Yb  X X X X X X X X                       
P7Co                        X        
P7Tm                        X        
P7Yb                                
 
 
The patterns observed in the significant peaks for the ringtail possums differed from 
those found in the rabbit. There appeared to be two main times for the peaks, either at 
approximately lag 24 (every 24h) or approximately lag 4 (every 4h). Those ringtail 
possums which peaked at 4h did not have a recurring event and the same was observed 
for those having a major event occurring every 24h. Possums 1, 2, 3, 4 and 7 appeared to 
have a major event every 24h, while possums 5 and 6 having a major event every 4 – 6h. 
Care must be taken however, since only two of the possum spectra were more 
significantly structured than the background noise. This problem was primarily due to 
there being only 10h of hard faeces production in the ringtail possum in a 24h period.  
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4.4.5 Discussion 
This section investigated the circadian patterns of the animals. The differences identified 
behaviour of the rabbit and the ringtail possum were confirmed from time series analysis 
which used spectral densities and autocorrelations to identify patterns of marker 
elimination in hard faeces that were significant and recurred at regular intervals. The 
rabbits were shown to have at least two significant peaks of marker increase in the hard 
pellets (often at 12h and 24h), although this varied widely between animals. Conversely, 
the ringtail possums either had a recurring pulse of marker in the hard faeces every 4h or 
24 hours. Often those who had a peak at 24h had a shorter event every two hours. The 
results from the ringtail possums suffer from the limitation that hard pellets were only 
produced every 10h out of each 24h because of their strictly nocturnal behaviour.  The 
differences found from the time series analysis have implications for the movement of 
digesta in the GIT and these are discussed further in Chapter 5.   
 
The correlograms for each rabbit pair identified that each rabbit followed its own 
circadian pattern independent of other animals in the same room; this has statistical 
implications for development of the model (Section 4.5). For more uniform patterns of 
behaviour it may be better to restrict food intake since it has been shown by Ruckebusch 
and Hörnicke (1977) that rabbits begin to produce and ingest caecotrophes 8 ± 1h after 
the start of feeding. Alternatively, the rabbits could have been fasted for 24h prior to the 
start of faecal collections in order to synchronise their circadian clocks. Observations of 
the rabbit’s feeding habits showed that they consumed the diet over the full 24h, perhaps 
partly due to boredom, which may not be observed in a ‘natural’ environment. 
 
4.4.6 Conclusion 
Marker elimination behaviour in the rabbit and ringtail possum differed fundamentally, in 
part due to the differences in diet preference and foraging behaviour between the two 
species. Correlograms constructed for the rabbits indicated unique circadian patterns of 
periodic marker surges in each animal, something which may limit scope for model 
development. In contrast to the rabbits, all ringtail possums were uniform in foraging and 
defaecating behaviour. Time series analysis showed recurring peaks of marker 
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elimination in the hard faeces of the ringtail possum at either 4h or 24h peaks. From the 
findings of this section the sub-hypothesis that ‘the behaviour of rabbits is similar to that 
of ringtail possums’ is rejected. 
 
 
4.5  Sub-hypothesis 3 
That rate of digesta passage in rabbits is similar to that in ringtail possums 
 
4.5.1 Introduction 
From the findings of Sub-hypotheses 1 and 2, the applicability of the rabbit GIT to 
provide a model for digesta passage in the ringtail possum was uncertain. This section 
describes attempts to produce digesta passage models for the rabbit and ringtail possum. 
Compartmental models were established from faecal marker elimination curves following 
pulse doses of the markers and the computer program WinSAAM (Windows version of 
Simulation, Analysis And Modelling).  
 
Notwithstanding the differences in anatomy, physiology and behaviour of the rabbit and 
ringtail possum, the above hypothesis was tested in order to determine whether digesta 
passage is affected by behavioural and anatomical differences. If not affected, digesta 
passage measured in rabbits by the predictive WinSAAM compartmental model should 
be adaptable to the measurement of digesta flow in the ringtail possum. Since this type of 
biological modelling is the process of determining the structure of the system from its 
response (Wastney et al. 1999), the results of this section should further confirm or 
disprove the previous suggestions of the effect of anatomy, physiology and behaviour on 
digesta passage. 
 
In the process of modelling the GIT, one of the most important concepts is that there is 
variation and no two animals are identical in form or function. Animals exhibit 
considerable inter-specific differences in their gastrointestinal kinetics, reflecting their 
evolutionary history and dietary adaptations (Van Soest et al. 1983). However, there are 
general aspects of the rabbit GIT that will apply to all rabbits. Thus the aim of 
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compartmental modelling was to identify the general features of digesta passage through 
the GIT of the rabbit and ringtail possum, and to establish whether the predictive model 
for the rabbit GIT could be adapted to the ringtail possum GIT. 
 
4.5.2 Methods 
Wastney et al. (1999) proposed 13 steps to build a compartmental model (ten of which 
were used in this study): 1) define the system to be modelled; 2) identify the model 
purpose; 3) locate and examine existing models; 4) develop an initial model; 5) set up 
model in form required by software; 6) simulate experiments; 7) obtain data; 8) compare 
experimental data with model; 9) refine model; and 10) evaluate model. These steps are 
described for the rabbit and ringtail possum; steps 1 to 7 are described in method Sections 
4.5.2.1 and Section 4.5.2.2 and steps 8 to 10 are described for rabbits and ringtail 
possums in Sections 4.5.3.1 and 4.5.3.2 respectively. 
 
4.5.2.1 WinSAAM compartmental model for rabbits 
The rabbit model was defined as ‘open’ as there were inputs and losses from the system. 
The inputs of interest were the pulse dose markers (Co-EDTA, Tm-P (Tm marked rumen 
bacteria particles) and Yb-P (Yb marked fibrous particles)) and loss from the system was 
faecal elimination.  The purpose of the study was to calculate elimination rates of 
particles of different size classes (fluids and particulate matter) through the GIT and to 
use this model to predict movement of digesta through the GIT of the less accessible 
ringtail possum.  
 
No compartmental models of the rabbit GIT appear to have been published. 
Compartmental models used in ruminant digestion research were found and examined, 
but due to the fundamental differences in digesta kinetics between foregut and hindgut 
fermenters they were of limited value. There are two approaches that can be used when 
developing initial models; the first is to start with the simplest model (1-compartment) 
and then add pathways and compartments as necessary to fit the data. Second, the model 
could be developed including all known biological information and then simplified based 
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on new data. The initial model developed for the rabbit used was based on the second 
approach and information known regarding GIT anatomy and physiology (e.g. the CSM 
and caecotrophy) was used to develop the initial model.  
 
In order to compare model predictions with observed data it was necessary to convert the 
model into a format that could be solved by a modelling package. WinSAAM was used 
for this purpose since it is designed to simulate and fit data, and models can be set up in 
this program by specifying the parameters (Section 4.5.3) of the model. Step 6 was not 
undertaken for the rabbits since the model was not set up pre-experimentally. However, it 
was hoped that the rabbit model could be used to simulate experiments for the ringtail 
possums. 
 
Data for the rabbit GIT model were primarily in the form of rates of marker appearance 
in the hard faeces (Section 2.3.5). It was expected that further complexities of the 
collection of GIT data (Section 2.3.6) could be added to further refine the model.  
 
4.5.2.2 WinSAAM compartmental model for ringtail possums 
The system of the ringtail possums was also described as ‘open’ because the inputs and 
losses were the same as those described for the rabbits (Section 4.5.2.1). The purpose of 
the ringtail possum model was also to calculate elimination rates of particles of different 
size classes (fluids and small particles) from the GIT and to compare these with 
predictions based on the rabbit model. No established models for the ringtail possum 
have been published, but it was expected that the outcomes of the rabbit compartmental 
model would provide insight into the requirements of the model for digesta flow in the 
ringtail possum. 
 
In contrast to the rabbit, the initial model for the ringtail possum was developed using the 
‘simplest’ approach; that is, modelling began with the most basic model possible and 
pathways and compartments were added to fit the data as necessary. The model was set 
up in the form required using WinSAAM; it was hoped that predictions of digesta 
passage could be simulated for the ringtail possum using the rabbit GIT model; however, 
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due to difficulties (Section 4.5.3.1) in establishment of the rabbit GIT compartmental 
model this was not possible. Data collection (hard faeces and GIT content samples) was 
undertaken in the same manner as for the rabbit (Section 2.4.5 and 2.4.6). 
 
4.5.3 Results 
The following two sections describe steps 8 to 10 of model development and the 
outcomes of compartmental models of digesta passage constructed for the rabbit and 
ringtail possum. Differences between the GITs of the two animals were apparent; digesta 
flow in the rabbit could not be described using faecal elimination curves (Section 
4.5.3.1). In contrast, digesta passage in the ringtail possum determined from faecal 
elimination curves was successfully modelled by a basic WinSAAM compartmental 
model (Section 4.5.3.2).  
 
4.5.3.1 WinSAAM compartmental model for rabbits 
Figures 4.12a (CSM switched on) and 4.12b (CSM switched off and caecotrophy 
occurring) describe the initial model for the rabbit.  
 
The parameters of the model during hard faeces production (Figure 4.12a) were: 
DT(1)  = delay time (h) of digesta associated with the stomach (a pool) 
L(2,1)  = the fractional rate of transfer of digesta to compartment 2 from 1, that is from 
the stomach to the small intestine and this has units h-1.   
DT(2)  = delay time (h)  associated with the small intestine (a transit) 
L(3,2) = the fractional rate of transfer (h-1)  from the small intestine (2) to the caecum (3) 
DT(3) = delay time (h) associated with the caecum (a pool) 
L(4,3) = the fractional rate of digesta transfer (h-1)  from the caecum (3) to the proximal 
colon (4) 
L(3,4) = the fractional rate of digesta transfer (h-1)  from the proximal colon (4) to the 
caecum (3) (indicating CSM).  
DT(4) = delay time (h) associated with the proximal colon (a pool) 
L (5,4) = the fractional rate of digesta transfer (h-1)  from the proximal colon(4) to the 
distal colon (5) 
DT(5) = delay time (h) of digesta associated with the proximal colon (a pool) 
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L(6,5) = the fractional rate of digesta transfer (h-1) from the distal colon (5) to the hard 
faeces (6) 
L(7,5) = the fractional rate of digesta transfer (h-1) from the distal colon (5) to the 
caecotrophes (7), in this model L(7,5) will = 0 since the CSM is in operation and hard 
faeces are produced 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12a The original model of digesta passage in the laboratory rabbit during 
production of hard faeces when the CSM is in operation. 
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When the CSM is switched off and caecotrophy occurs (Figure 4.12b) the parameters are 
the same as those for hard pellet production except: 
L(3,4) = the fractional rate of digesta transfer (h-1) return from the proximal colon (4) to 
the caecum (3) (indicating CSM) does not exist and  
L(6,5) = the fractional rate of digesta transfer (h-1)  from the distal colon (5) to the hard 
faeces (6) = 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12b The original model of digesta passage in the laboratory rabbits during 
production and ingestion of caecotrophes. 
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This model was compared with the experimental data in order to fulfil step eight of 
model development. However, the faecal elimination curves from the rabbits could not be 
accommodated by the model and further passages and compartments were added. Figure 
4.13 illustrates the complexity of the compartments added to the initial model. The 
compartments added divided the caecum into ‘passage’ (Comp 3A) and ‘storage’ (Comp 
3B) compartments and the proximal colon was divided into ‘passage’ (Comp 4B) and 
‘recycling’ (Comp 4A) compartments. In this model there was no separation between 
model section A (CSM on) and model section B (CSM off and caecotrophy), but there 
was a switch between the two. However, this model also failed to mimic the faecal 
elimination curves. In this form the model was too complex and more information (not 
currently available) regarding digesta passage was required to successfully model digesta 
flow in the rabbit GIT. The main difficulty was in the number of switches that needed to 
be turned on and off to simulate the alternating pattern of CSM operation and 
caecotrophy. The problems in modelling the rabbit GIT were compounded by the 
between-animal differences in timing within the faecal elimination curves (Section 4.4.6). 
 
Modelling results supported the previous findings of this Chapter that digesta movement 
in the rabbit hindgut involved components within the caecum (the sacculus rotundus, the 
movement of digesta by the caecum body, the appendix) and digesta movements in the 
proximal colon. The inability of the model to accommodate the data from the hard pellets 
indicates that digesta passage is more complex than proposed and further experiments 
(beyond the digesta passage investigation of this research) need to be undertaken to gain 
further insight at a greater level of detail into digesta passage in rabbits. 
 
In response to the failure of the complex model to accommodate the experimental data, 
the ‘simplest modelling approach’ was undertaken instead. Figure 4.14 describes the 
model compartments and passages with time (h) and rate of digesta passage between 
compartments. This model incorporates a delay in the caecum, indicating an internal 
recycling mechanism. Return of digesta from compartment 4 to compartment 1 is 
indicative of caecotrophy. 
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Figure 4.13 Further adaptations of the original model of digesta passage in the laboratory 
rabbits to try to explain variations of proposed modelling from observed data during 
production of hard faeces when the CSM is in operation. 
 
 
Figure 4.15 compares predictions from this model with experimental data on Co-EDTA 
elimination in the hard pellets of rabbit 1. There was a clear lack of fit of this simple 
model to the rabbit data. Several further attempts to fit the faecal elimination data to a 
model were made but none was successful, indicating the complexity of digesta passage 
in the rabbit hindgut. Therefore model development steps 9 and 10 (refinement and 
evaluation of the model) were not undertaken. 
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Figure 4.14 A proposed simple model for the flow of fluids through the GIT of the 
laboratory rabbit. 
 
 
Model Parameters for “Simple model for Rabbit 1-Co-EDTA” 
Compartment 1 = intake 
IC(1) = P(1) = intake (7.960848E + 04 µg of Co-EDTA) 
DT(2) = 2.567786E + 01h = delay associated with the caecum 
DT(3) = 7.811895E + 00h = a general intestinal tract delay excluding the caecum 
Compartment 4 = faeces  
L(2,1) = 9.796708E – 01h = the proportion of the diet that resides in the caecum 
L(3,1) = the proportion of diet that passes through the intestinal tract bypassing the 
caecum 
L(3,1) + L(2,1) = 1  
L(2,1) + L(4,2) = 1 
L(4,3) = 1 
L(1,4) = is the proportion of digesta that has been in the caecum that subsequently is 
consumed by the rabbit 
L(0,4) = 1 = is a device so that we can say that compartment 4 represents faecal 
marker concentration at time t 
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4.5.3.2 WinSAAM compartmental model for ringtail possums 
The initial model for the ringtail possum was constructed using the ‘simplest approach’ 
using the fluid marker (Co-EDTA) and one possum (possum 3). Figures 4.16a to 4.18g 
describe, in both logarithmic and linear plots, model development and ability of each 
predictive model to fit experimental data. 
 
The outcome of MODEL I (Figures 4.16a, b and c) suggests regular fluctuation in the 
faecal concentration of Co-EDTA which mimicked the recycling of the dose. The cycle 
length of the dose was 24 h and approximately 90% of the Co-EDTA was recycled. 
However, the model failed to predict the early peaks at about 8 h, it model had a high 
error sum of squares (SS) (3.8 x 105), and hence was rejected. 
 
 
 
Figure 4.15 predictions from model 4.14 (______) when compared with observed data from rabbit one 
(▲).  
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Figure 4.16a Original compartmental model for faecal markers in the ringtail possum. 
The passage of digesta is directly from the mouth to the faeces with re-ingestion of faeces 
to mouth but no recycling in the GIT. 
 
 
 
 
 
 
 
 
 
 
 
Model Parameters for MODEL ONE “Simple model for Possum 3 – Co-EDTA” 
Compartment 1 = intake 
P(1) = intake (4.227E + 04 µg of Co-EDTA) 
DT(2) = 2.405E + 01h = delay associated with the total GIT 
Compartment 4 = faeces  
L(1,4) =  8.959E – 01 = the proportion of digesta that has been in the caecum that 
subsequently is consumed by the common ringtail possum 
L(0,4) = 1 = is a device so that we can say that compartment 4 represents faecal 
marker concentration at time t 
SS(4) = 3.8051E +05 = error sum of squares 
R2 = 0.32 
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Figure 4.16b Model I: Possum 3; faecal cobalt. Logarithmic comparison of predicted and 
observed values where (▲) observed data and (______) indicates the model predictions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.16c Model I: Possum 3; faecal cobalt. Linear comparison of data fit of observed 
and predicted values where (▲) indicates observed data and (______) indicates the 
model predictions. 
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The outcome of MODEL II (Figures 4.17a, b and c) shows two delays or cyclical 
patterns, with a 22h delay (the principal effect) and an 8.3h delay (a secondary cyclical 
pattern). The model suggested that approximately 78% of the Co-EDTA was recycled 
during hard pellet production. Although Model II more closely fitted the data than model 
I (shown by smaller error sum of squares (SS) (1.1 x 105), systematic errors when fitting 
experimental data to the model were still evident and this model was also rejected. 
 
 
 
 
 
 
 
 
 
Model Parameters for MODEL TWO “Two pathway model of digestion for Possum 
3 – Co-EDTA” 
Compartment 1 = intake 
P(1) = intake (1.492E + 04 µg of Co-EDTA) 
DT(2) = 2.215E + 01h = delay associated with the caecum 
DT(3) = 8.294E + 00h = a general intestinal tract delay excluding the caecum 
Compartment 4 = faeces  
L(2,1) = 4.041E – 01h = the proportion of the diet that resides in the caecum 
L(3,1) = the proportion of diet that passes through the intestinal tract bypassing the 
caecum 
L(1,4) =  7.849E – 01h = the proportion of digesta that has been in the caecum that 
subsequently is consumed by the common ringtail possum 
L(0,4) = 1 = is a device so that we can say that compartment 4 represents faecal marker 
concentration at time t 
SS(4) = 1.0820E +05 = error sum of squares 
R2 = 0.806 
 
Figure 4.17a MODEL TWO: faecal marker elimination in the ringtail possum; a two 
pathway model of digestion. 
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Figure 4.17b Model II: Possum 3; faecal cobalt. Logarithmic comparison of predicted and observed 
values where (▲) observed data and (______) indicates the model predictions. 
 
Figure 4.17c Model II: Possum 3; faecal cobalt. Linear comparison of data fit of observed and 
predicted values where (▲) indicates observed data and (______) indicates the model 
predictions. 
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The outcome of MODEL III (Figures 4.18a, b and c) confirmed the two delays or cyclical 
patterns of model II; the principal effect was 23.5h and the secondary cyclical pattern was 
8.6h, and approximately 77% of the Co-EDTA was recycled. Model III was therefore a 
better model than Model II as all parameters in Model III were identified. This model was 
accepted on the basis of low error SS (6.9 x 104) and a high R2 (0.876). Predictions of 
Model III confirmed the production of two distinct types of faecal pellets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Model Parameters for MODEL THREE “A general compartmental model for 
caecotrophic animals using Possum 3 – Co-EDTA” 
Compartment 1 = intake 
P(1) = intake (7.200E + 04 µg of Co-EDTA) 
DT(2) = 2.353E + 01h = delay associated with the caecum 
DT(3) = 8.418E + 00h = a general intestinal tract delay excluding the caecum 
Compartment 4 = faeces  
L(2,1) = 7.819E – 01h = the proportion of the diet that resides in the caecum 
L(3,1) = the proportion of diet that passes through the intestinal tract bypassing the 
caecum 
L(4,2) =  8.006E – 02h = the proportion of digesta that has been in the caecum that 
subsequently is consumed by the common ringtail possum 
L(0,4) = 1 = is a device so that we can say that compartment 4 represents faecal marker 
concentration at time t 
SS(4) = 6.9317E +04 = error sum of squares 
R2 = 0.876 
 
Figure 4.18a MODEL THREE: faecal marker elimination in the ringtail possum; a 
general compartmental model for caecotrophic animals. 
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Figure 4.18b Model III: Possum 3; faecal cobalt. Logarithmic comparison of predicted and 
observed values where (▲) observed data and (______) indicates the model predictions. 
 
Figure 4.18c Model III: Possum 3; faecal cobalt. Linear comparison of data fit of observed and 
predicted values where (▲) indicates observed data and (______) indicates the model 
predictions. 
 
 213
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.1
1
10
100
1000
10000
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Time (h)
0
1000
2000
3000
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
Time (h)
Figure 4.18d Model III: Possum 3; faecal thulium. Logarithmic comparison of predicted and 
observed values where (▲) observed data and (______) indicates the model predictions. 
 
Figure 4.18e Model III: Possum 3; faecal thulium. Linear comparison of data fit of observed and 
predicted values where (▲) indicates observed data and (______) indicates the model predictions.
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Figure 4.18f Model III: Possum 3; faecal ytterbium. Logarithmic comparison of predicted and 
observed values where (▲) observed data and (______) indicates the model predictions. 
 
Figure 4.18g Model III: Possum 3; faecal ytterbium. Linear comparison of data fit of observed and 
predicted values where (▲) indicates observed data and (______) indicates the model predictions. 
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Model III for Co-EDTA indicated that some of the fluid passed directly through the GIT 
to the hard faeces in approximately 8.6h and the possum did not eat the resulting faeces. 
Conversely, some of the digesta passed through the GIT to the hard pellets in 23.5h (i.e. 
the digesta spent 8.6h in intestinal transit and 14.9h in the caecum). The model predicted 
that 89% of the resultant caecal pellets were re-ingested by the animal. Since the model 
was established using only ringtail possum 3, the model was then tested with the other six 
animals. Results of population kinetics of faecal Co-EDTA in the seven ringtail possums 
are summarised in Table 4.9. Unlike the rabbits, there were close estimations of delay 
times (DT) and passage rates L(i,j). The mean delay time (retention time) in the caecum 
DT(2) was 23.5h, but this included the 8.6h delay in the rest of the compartments of the 
GIT (stomach, small intestine, proximal and distal colon). The rate constant indicated that 
approximately 86% of the digesta flow was into the caecum. Intake P(1) of the Co-EDTA 
varied among possums, depending on amount of dose consumed. 
 
Table 4.9 Model parameters to describe the movement of Co-EDTA through the GIT of 
the ringtail possum. 
Parameter Pop. Mean Est. Error Population STD 
DT(2) (h) 23.5  0.10483 0.24236 
DT(3) (h) 8.6  0.0792 0.19292 
L(2,1) (h-1) 0.86  0.0282 0.0685 
L(4,2) (h-1) 0.11  0.0173 0.0410 
P(1) (µg) 39522  7862.3 19652 
 
Once the model was shown to fit all seven ringtail possums for the fluid marker Co-
EDTA the model was then applied to experimental data from the particulate markers (Tm 
and Yb). Figures 4.18d and e show the fit of these data to the model prediction for Tm-P, 
initially for possum 3 and then for all seven possums (Table 4.10). Figures 4.18f and g 
describe the model fit for Yb-P; as for Tm-P this was first done for possum 3 and then 
repeated for all seven possums (Table 4.11). 
 
The similarities in passage time of the Tm-P, Yb-P and Co-EDTA were evident, 
confirming the findings of Chapter 3 that the particulate markers marked similar size-
classes.  
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Table 4.10 Model parameters to describe the movement of Tm-P through the GIT of the 
ringtail possum. 
Parameter Pop. Mean Est. Error Population STD 
DT(2) (h) 23.6 h 0.11468 0.26098 
DT(3) (h) 8.6 h 0.20916 0.51546 
L(2,1) (h-1) 0.86 h 0.0359 0.0883 
L(4,2) (h-1) 0.12 h 0.0185 0.0399 
P(1) (µg) 18673 µg 4486 11471 
 
Table 4.11 Model parameters to describe the movement of Yb-P through the GIT of the 
ringtail possum. 
Parameter Pop. Mean Est. Error Population STD 
DT(2) (h) 24.0 h 0.2738 0.7154 
DT(3) (h) 7.9 h 0.30761 0.80575 
L(2,1) (h-1) 0.74 h 0.0501 0. 12569 
L(4,2) (h-1) 0.17 h 0.0374 0.0940 
P(1) (µg) 87364 µg 1.13E +05 2.86E + 05 
 
The model suggested that each marker passed through the entire GIT in either 
approximately 8h or 24h. If the marker passes the GIT in 24h, then 8h must have been for 
passage through the intestine and 16h for delay in the caecum. All markers also showed 
rapid passage (relative to the caecum) through the small intestine and the proximal and 
distal colon. This model showed an association between the movements of the markers 
throughout the GIT (Table 4.12). 
 
Table 4.12 Model parameters to describe the movement of Co-EDTA, Tm-P and Yb-P 
through the GIT of the ringtail possum. 
Parameter/Marker Co-EDTA Tm-P Yb-P 
DT(2) (h) 23.5 ± 0.1 23.6 ± 0.3 24.0 ± 0.7 
DT(3) (h) 8.6 ± 0.2 8.6 ± 0.5 7.9 ± 0.8 
L(2,1) (h-1) 0.86 ± 0.069 0.86 ± 0.088 0.74 ± 0.13 
L(4,2) (h-1) 0.11 ± 0.041 0.12 ± 0.040 0.17 ± 0.094 
P(1) (µg) 39522 ± 19652 18673 ± 11471 87364 ±  28600 
 
This model confirmed the similarity in passage of fluids and small particles through the 
GIT of the ringtail possum. Although the model of digesta flow through the ringtail 
possum presented here does fit the experimental data, further research on digesta flow in 
the hindgut of the ringtail possum is needed to refine the model, particularly with regard 
to the strict nocturnal nature of hard pellet production by this animal. 
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4.5.4 Discussion 
Findings of this section demonstrated that digesta passage through the rabbit GIT is not a 
good template for development of a digesta retention time model for the ringtail possum. 
Although a model could not be developed for any of the individual rabbits, a basic model 
was successfully developed for the ringtail possum confirming the different complexities 
of the GITs of rabbits and ringtail possums (Sections 4.3, 4.4). 
 
The inability to model the rabbit GIT confirms the expectation that the differences in 
anatomy, physiology and behaviour of the rabbit and ringtail possum have major 
implications when modelling. Differences in individual animal behaviour (Van Soest et 
al. 1983) were evident in the modelling process, likely due to the wide variation in 
feeding times observed in the ad libitum fed rabbits, the different patterns of 
caecotrophy/hard pellet ingestion and the different recovery times from the marker 
dosing.  
 
Not enough information regarding digesta movements in the rabbit GIT was provided 
from the faecal elimination curves and compartmental analysis. Components of the rabbit 
GIT that need to be further separated and investigated are the ingestion of both soft and 
hard pellets and the timing of this process. The flow of digesta in the compartments of 
interest in the hindgut (sacculus rotundus, caecum, appendix and proximal colon) also 
needs to be quantified and applied to the compartmental model. A model of the processes 
in the hindgut of the rabbit would be beneficial for the understanding of how digesta 
flows through the whole GIT.  
 
The findings of the models and Table 4.9 suggest that, in the ringtail possum, of the 
ingested food (and recycled faeces) approximately 14% passes quickly (but with a delay 
of 8.6h) into the faeces. The other 86% (L(2,1)) passes more slowly through the GIT (8h 
transit through the GIT and 16h delayed in the caecum, for a total delay of approximately 
24h). Of the material that passes slowly (i.e. delayed for 24h in the GIT), approximately 
11% (L(4,2)) passes to the faeces and is not eaten, but approximately 89% (L(1,2)) is 
eaten. Chilcott (1982) interpreted his findings as indicating differential passage of fluids 
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and particulate matter in the ringtail possum. Both particle markers in the current study 
gave similar kinetic parameters possibly indicating that, in ringtail possums, either both 
of the particle markers had similar passage rates which were similar to liquid passage 
rate, or the markers did not actually mark the particulate matter but travelled with the 
liquid phase. More research needs to be undertaken on the suggestion from this research 
that the separation mechanism is located in the ‘caecum minor’ of the ringtail possum. 
 
4.5.5 Conclusion 
The inability to compartmentally model the rabbit using WinSAAM, and the success of a 
basic digesta flow model in the ringtail possum using the same approach, indicates that 
digesta passage in the rabbit and ringtail possum are fundamentally different. Patterns of 
digesta flow in the rabbit were seen to be much more complicated that those in the 
ringtail possum. The sub-hypothesis that ‘rates of digesta passage measured in rabbits is 
similar to that measured in ringtail possums’ is therefore rejected. 
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4.6  General conclusions 
Three sub-hypotheses were proposed for the appropriateness of digesta passage through 
the rabbit GIT to predict digesta passage in the ringtail possum. Each of these sub-
hypotheses was rejected; findings of this research confirmed that the anatomy and 
physiology of the rabbit and ringtail possum differ, even though both are described as 
caecum fermenters.  
 
Patterns of behaviour were also shown to differ between the two caecum fermenters. As 
well as differences in foraging and diet preferences, there were also differences in 
circadian patterns of activity followed by the two species (Section 4.4). These differences 
in circadian behaviour and in anatomy became impediments in attempts to 
compartmentally model digesta flow in the rabbit. The research hypothesis ‘that digesta 
passage in laboratory rabbits is similar to that in ringtail possums; hence the rabbit 
gastrointestinal tract provides a good model of digesta flow in the ringtail possum’ is 
therefore rejected. However, since the digesta passage kinetics in the possum could be 
described by a simple compartment model, it is possible that a similar model may also 
describe digesta kinetics in other Eucalyptus folivores.  
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CHAPTER 5      
                    GENERAL DISCUSSION 
 
 
5.1 Introduction  
This chapter summarises the major findings of the current study. It includes a discussion 
of the research hypothesis, outlining the results of each investigation (both marker- and 
animal-based). Two physiologically important aspects of digestion in the ringtail possum 
identified in the current study (the possible location of the hindgut separation mechanism 
and the extent to which caecotrophy is practised) are discussed in relation to the rabbit. 
The limitations and implications of the study are also addressed.  
 
 
5.2   Limitations (Marker-based findings) 
The greatest limitation to model development in this study was that of the markers, 
particularly the particle-based markers. The markers were shown to be not of the assumed 
size classes (micro and large), and their ability to associate and behave as natural digesta 
was also shown to be questionable. This study has highlighted the importance of clearly 
defining and confirming marker behaviour prior to their use in animal experiments. Since 
marker behaviour was not confined to a specific size-class, conclusions drawn from the 
compartmental models were limited. 
 
Three assumptions were identified for the proposed markers and their analysis. The first 
assumption ‘that large-particles, micro-particles and fluids can be labelled specifically by 
markers (lanthanide metals, Co-EDTA and Cr-EDTA)’ was shown through several 
analyses to be flawed. The ‘large-particle’ markers (Yb and Eu) often preferentially 
attached to the smaller size classes, thus producing a marker of broad size ranges (1200–
0.45µm), with Eu marking all size classes but particularly 150µm, and Yb marking the 
0.45µm size class. ‘Micro-particle’ markers appeared to be evenly coated with lanthanide 
metals (Dy and Tm), although clumping of the bacteria from formalin fixation caused a 
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major increase in their size range (1200–0.45µm).  It was found that Dy actually marked 
the 600 to 2400µm and the 3µm size classes while Tm marked all (1200–0.45µm) but 
predominantly the 0.45µm size class. Although attachment of lanthanide metals to the 
particulate matter was strong and there was very little dissociation of the metals into the 
fluid phase, the method of attachment varied among the metals; Yb appeared to bind in 
crystalline form. The potential use of lanthanide metals for digesta passage studies is 
outlined in Chapters 1 and 3, but more research is essential before they can be used with 
confidence. The first assumption was supported in the case of Co-EDTA and Cr-EDTA, 
markers for the fluid phase of the digesta. The major problem with these fluid markers 
was their association with the particulate fraction and this was investigated in marker 
assumption two.   
 
The second assumption ‘that markers associate with digesta particles of the same size 
classes’ confirmed the findings of the first assumption investigation. Differences were 
found between the MRTs of the particulate markers in the rabbit and ringtail possum. 
This is thought to be due to the removal of clumps of bacteria from the ringtail possum 
dose, thus reducing the effective size of the marker and resulting in retention times that 
were intermediate to those of the ‘large’ and ‘micro’ markers. The faecal elimination 
curves suggested strong association of the markers with each other and limited mixing 
with natural GIT digesta particles. However, as the markers were recycled it was 
concluded that there was at least some mixing with the digesta particles. The fluid 
markers showed an association with the particulate phase (in the hydrolysis experiment) 
which explained in part the association in the faecal elimination curves. Further research 
is necessary to determine the extent of association of the markers with each other and 
their ability to mix with the digesta that they are assumed to mark. 
 
The assumption ‘that the method of analysis of the lanthanide metals in faeces and 
digesta samples is accurate and reliable’ was tested using standard curves of observed 
and expected values and a comparison of two ICP-MS machines of different sensitivities. 
It was concluded that ICP-MS is an accurate and reliable method of lanthanide metal 
analysis but because of the limits of detection and the range of lanthanide metal 
 222
concentrations resulting from the ‘pulse’ nature of the dose, correction equations were 
generated in order to compare results from the older, less sensitive ICP-MS machine with 
the later model.  
 
The particulate markers used in this digesta passage study were shown to be of limited 
usefulness. Before these markers can be used with confidence more detailed research on 
aspects of the particulate matter (fibrous and bacterial) and of binding activities of each 
lanthanide metal is needed.  
 
5.3   Animal-based findings 
Three sub-hypotheses were generated to test the research hypothesis ‘That digesta 
passage in laboratory rabbits is similar to that in ringtail possums, and hence the rabbit 
GIT provides a good model of digesta flow in the ringtail possum’. The sub-hypotheses 
were based on comparisons of the anatomy, physiology and behaviour of the animals.  
 
Sub-hypothesis one ‘that the anatomy and physiology of the rabbit GIT were similar to 
those of the ringtail possum’ was rejected on the basis of anatomical findings and 
supported by the literature. Numerous differences were identified in the anatomy of the 
hindgut of the two caecum fermenters, and important physiological differences were 
identified in the proximal colon which houses the CSM in the rabbit. The ringtail possum, 
also proposed to have a CSM, did not appear to have the anatomical structure to house 
this mechanism in the proximal colon. Instead, it was proposed that the ringtail separation 
mechanism may be sited in the caecum minor which more closely resembled the anatomy 
of the proximal colon of the rabbit.  
 
The second sub-hypothesis ‘that the behaviour of rabbits is similar to that of ringtail 
possums’ was rejected on the findings of the current study.  As well as the observed 
behavioural differences of feeding patterns and of food and habitat preferences, time 
series analysis showed inherent differences in the timing of mechanisms operating within 
the GIT of these animals. In the rabbits, a 12 or 24h event was detected; this was 
associated with an increase in the amount of marker appearing in the hard pellets and 
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wide between-animal variations were observed. Correlograms were used to identify 
animals which were closely associated with one another in preparation for the modelling 
exercise.  The ringtail possums showed strong between-animal similarity and events 
occurred either every 4h or 24h. These consistent patterns of marker concentrations in the 
faeces are indicative of mechanisms operating in the GIT (e.g. recycling of fluids and 
small particles).  
 
The third sub-hypothesis ‘that recorded digesta passage measured in rabbits is similar to 
that measured in ringtail possums’ was also rejected; this was tested using compartmental 
models established with WinSAAM. The rabbit showed great complexity, and 
information from faecal elimination curves and compartmental data of the GIT were 
insufficient to generate a satisfactory model. This was made worse by the wide variation 
in behavioural patterns between animals; this meant that the seven animals had to be 
individually modelled rather than averaged which would have produced a statistically 
more powerful model. In contrast, a basic compartmental WinSAAM model was 
established for the ringtail possum from the faecal marker elimination curves alone. This 
suggests less complex GIT function and a different pattern of digesta passage through the 
hindgut.  
 
 
5.4  A comparative study of digesta flow in the rabbit and ringtail  
Although no conclusive statements can be made regarding digesta flow in the ringtail 
possum because of marker limitations (Section 5.2), a number of observations present 
possible explanations of digesta passage in the GIT of the ringtail possum.  
 
Differences between the rabbit and ringtail possum were apparent. The present study 
warns against the oversimplification of digesta passage in the rabbit (for the purposes of 
the ringtail possum). All factors (anatomy, physiology and behavioural patterns) must be 
taken into account when designing compartmental models (particularly across species). 
Although both the rabbit and ringtail possum are caecotrophic caecum fermenters, the 
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separation mechanism and caecotrophy in theses animals play different roles, particularly 
with respect to the diet which must be processed. 
 
5.4.1 Hindgut digesta separation mechanisms 
The mathematical modelling showed that the pattern of digesta passage through the GIT 
differs between the rabbit and ringtail possum. The hindgut of these animals differs 
anatomically, and these differences are probably the main cause for the observed 
differences in patterns of digesta passage. 
 
Anatomy and digesta flow in the hindgut of the rabbit are well documented. Operation of 
the colonic separation mechanism (CSM) has been described (Björnhag 1972; Pickard 
and Stevens 1972) (Section 1.3.4), and movement of digesta in the proximal colon has 
been discussed by numerous workers including Elliott and Barclay-Smith (1904), 
Ruckebusch and Hörnicke (1977), Björnhag (1981), Ehrlein and Ruoff (1982) and 
Hörnicke et al. (1984).  
 
A CSM has been proposed previously in the hindgut of the ringtail possum from three 
observations: 1) longer MRTs for the fluid and small particle fraction than the larger 
particle fraction of the diet; 2) the practice of caecotrophy; and 3) the observation of net 
water secretion into the proximal colon of the closely related greater glider (Hume 1999) 
as in the proximal colon of the rabbit (Björnhag 1972; Clauss 1978).  
 
Results from the mathematical modelling are consistent with a separation mechanism in 
the ringtail possum, with selective retention of the fluid and small particle fractions, and 
with long MRTs of these markers reflecting the practice of caecotrophy. Net secretion of 
water has not been investigated in the proximal colon of the ringtail possum, and further 
research would be necessary to confirm this phenomenon. However, the site of the 
separation mechanism is problematic, as the ringtail possum proximal colon exhibits 
none of the anatomical complexities that have been shown to be associated with sorting 
of digesta fractions in rabbits and other small herbivores that selectively retain fluid, 
solutes and/or micro-particles (bacteria). 
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The proximal colon of the ringtail possum is a tube without the haustrations that have 
been shown in the rabbit to promote a retrograde movement of fluid and small particles 
into the caecum. The ringtail possum caecum also differs from the rabbit caecum in that it 
does not have the characteristic spiral fold found in all lagomorphs, but is divided into 
two sections by a permanent fold on the greater curvature of the caecum (dividing the 
caecum in minor and major components) (Plates 4.2a and b). The minor section 
resembles the haustrations of the proximal colon of the rabbit, suggesting a possible site 
for the separation mechanism. The major section of the ringtail possum caecum is 
thought to be analogous with the caecum of the rabbit, for digesta storage and 
fermentation. 
 
Figures 5.1 and 5.2 describe digesta flow in the hindgut of the rabbit and ringtail possum 
respectively. The minor part of the caecum where the separation mechanism is proposed 
in the ringtail possum includes the ampulla coli, the entrance of the ileum and exit of the 
proximal colon. 
 
The separation mechanism in the caecum minor may function primarily like the CSM in 
the rabbit; during hard faeces elimination the fluid and small particle fractions of the 
digesta are separated from the larger fibrous particles and forced towards the walls of the 
haustra and moved in a retrograde manner into the caecum major. Since the ileum 
entrance and proximal colon exit are in close juxtaposition, a mechanism must be in 
operation to open and close each of these as digesta move into and out of the caecum 
minor. When caecotrophy occurs and the separation mechanism is switched off, the fluid 
and small particles move from the caecum major, through the caecum minor, and into the 
proximal colon where they do not change in form or composition and are ingested as 
caecotrophes. It is possible that during this time large, fibrous particles could be stored in 
the ampulla coli (Figure 5.2) however; further research is required to test this possibility. 
 
Studies similar to Ehrlein and Ruoff (1982) using a fluoroscopic contrast medium and an 
X-ray image intensifier video system would also be essential to test the proposal that , in 
the ringtail possum, digesta separation occurs in the caecum minor rather than the 
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proximal colon. The separation mechanism, whether in the caecum or proximal colon, 
will be the primary controller on digesta retention time, but other factors including 
changes in food intake and composition, and animal factors such as age, physiological 
status and breed, will also be involved. 
 
Food intake and composition 
For instance, increases in feedings levels due to decrease in temperature or other factors 
usually result in faster rates of passage of fluids and particulate matter (Balch and 
Campling 1965; Bull et al. 1979; Warner 1981; Stevens and Hume 1995). Increasing the 
dietary fibre content from 220 to 400g kg-1 decreased total MRT in rabbits by 12h (an 
11h reduction in ileo-rectal MRT) (Gidenne 1994; Carabano and Piquer 1998).  Particle 
size of food has also been shown to modify the rate of passage (Carabano and Piquer 
1998), with longer MRTs obtained from diets with smaller particle size due to pelleting 
or grinding (Laplace and Lebas 1977). 
 
The effect of dietary fibre on digesta passage in the rabbit is complex and still not 
completely understood although it has been studied extensively by numerous researchers 
(e.g. Lebas and Laplace 1977; Hill 1986; Cheeke et al. 1986; Gidenne 1986, 1992a, b, 
1993, 1994; Vernay 1987; Peeters and Maertens 1988; Sakaguchi et al. 1992; De Blas 
1992; Garcia et al. 2000; Bellier and Gidenne 1996; Gidenne and Perez 2000; Gidenne 
and Bellier 2000; Gidenne et al. 2000]. A dietary fibre level below a critical value results 
in digestive disturbances such as changes in the caecal fermentative activity (Peeters and 
Maertens 1988) and slow transit (Gidenne 1994). The increase in digestible energy 
content of the diet (Bellier and Gidenne 1996) is associated with a reduction in voluntary 
feed intake (Gidenne et al. 1991) and thus a greater reduction in fibre intake and faecal 
output. When fed low fibre diets, the caecal fermentation pattern is unstable (Bellier and 
Gidenne 1996).  
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Figure 5.1 Digesta passage in the rabbit hindgut, adapted from T. Gidenne (Carabano 
and Piquer 1998). 
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Figure 5.2 A proposal for digesta passage in the ringtail possum hindgut. 
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A main reason for the complex effect of fibre is that it has two components; the level of 
cell walls and the physico-chemical properties of the cell walls (Lebas and Laplace 
1977); both affect digesta passage. The low-digested fractions of cell walls 
(lignocellulose) stimulate digestive tract motility and increase digesta rate of passage, 
while highly digested cell walls (pectins and soluble fibre, for example), which increase 
the viscosity of the luminal contents of the intestine, and slows transit (Gidenne 1993). 
Garcia et al. (2000) concluded that pectic constituent concentration, degree of 
lignification of NDF, and particle size are the variables that best characterise the 
influence of the source of fibre on soft faeces elimination and caecal fermentation 
patterns in rabbits.   
 
Although less research has been undertaken on dietary fibre preference in the ringtail 
possum, it has been observed that they show a preference for more rather than less 
fibrous foliage; however this could simply have been a correlation with leaves of lower 
plant secondary metabolite concentrations. Chilcott and Hume (1984) reported that 
ringtail possums digest 45% of the cell wall constituents (NDF) and 44% of the ADF of 
E. andrewsii foliage. Similar observations of fibre source affecting extent of digestion 
(NDF and ADF) (and therefore possibly rate of passage) have been reported for other 
folivorous marsupials; suggesting a similar phenomenon to that described in the rabbit 
that the effect of fibre on digesta passage is complex and is affected by source as well as 
concentration of fibre. 
 
Sakaguchi and Hume (1990) compared fibre digestion in rabbits and ringtail possums fed 
a common diet of alfalfa meal, rolled oats, corn starch and sugar and reported that there 
were significant differences in ADF and NDF between the two species. It was expected 
that the fibre digestibility of the two would be similar since it was shown by Hume and 
Warner (1980) that species which are more effective in selectively retaining fluid and 
fine particles in the caecum show lower fibre digestibility than species without a 
separation mechanism. This is due to most of the fibre being contained in the large 
particles, which are eliminated from the hindgut relatively quickly. Unexpectedly, fibre 
digestibility was lower in ringtail possums than in rabbits. Although the significance of 
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Sakaguchi and Hume's (1990) findings are unclear, they provide another indication of the 
differences in patterns of digesta passage observed between these animals.  
 
Animal factors can also influence the intake and hence digesta passage. Breed differences 
in certain parameters of rumen function may affect nutrient supply (Margan et al. 1982).  
Age of sheep has been shown to affect digestion of herbage diets (Domengo et al. 1972; 
Weston 1979). Age and physiological effects (such as lactation and pregnancy) have also 
been observed to influence digesta flow in rabbits due to changes in food intake 
(Carabano and Piquer 1998).  
 
It is apparent that there are many factors affecting digesta flow through the GIT. A 
holistic approach must be employed that incorporates as many of the above factors as 
possible when investigating digesta passage through the GIT of the ringtail possum. Each 
factor must be integrated into the compartmental model to allow for changes of digesta 
flow seasonally and physiological event (such as pregnancy and lactation) can be taken 
into account to improve accuracy and extend the applicability of the digesta flow model 
for the ringtail possum.  
 
5.4.2   A comparative study of caecotrophy 
The extent to which caecotrophy is practised by the rabbit and ringtail possum differ; in 
this study the rabbits ingested their caecotrophes periodically throughout the 24h (with 
possible intermittent hard pellet ingestion), whereas the ringtail possums practised 
caecotrophy only in the light phase, and hard pellets were not ingested. Caecotrophes in 
the rabbit account for 20g DM day -1 (Gidenne and Lebas 1987) which represents 9 to 
15% of total DM intake (food intake + soft faeces) (Carabano and Piquer 1998).  
 
The difference in extent to which caecotrophy is practised suggests different roles of 
caecotrophy in digestion of these animals. Caecotrophy is essential for survival in the 
ringtail possum; death occurs when caecotrophes are not re-ingested for more than 2 to 3 
days (W. Foley, personal communication). Whether this indicates a pre-existing illness or 
a consequence of lack of caecotroph ingestion is not known. Conversely, caecotrophy has 
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been described as not necessary for laboratory rabbit survival when maintained in stress-
free environments (Demaux et al. 1980). 
 
Time series analysis and WinSAAM modelling in the current study confirmed the 
differences observed in animal behaviour. Although further scientific research is 
necessary, a number of proposed reasons for the different extents of caecotrophy are 
discussed in the following sections. 
 
Caecotrophy in the rabbit 
Wild rabbits have a clearly defined time in which caecotrophy is practised during the 
light phase (Taylor 1940; Southern 1942; Watson and Taylor 1955; Myers 1955 and 
Henning and Hird 1972). In studies of wild leporids, caecotrophy was inferred once a day 
from morning to early or mid-afternoon (Hirakawa 2001). Since caecotrophy in rabbits 
does not occur in response to a nutritional imbalance, but represents a specialised 
digestive strategy (Carabano and Piquer 1998), the difference in patterns between wild 
and laboratory rabbits is likely due to survival mechanisms in the wild rabbit. Reasons for 
the differences observed among laboratory strains are unclear. Most laboratory rabbits 
have been described as monophasic and caecotroph ingestion occurs from 0800h to 
1700h; however, under shorter photoperiod, 25% of rabbits show a diphasic pattern, with 
a second period of elimination during the night (Carabano and Piquer 1998). Under 
continuous light, caecotrophy occurs monophasically and, during the caecotrophy period 
from 0700 to 0900h, there is an absence of hard faeces elimination and feed intake is low 
(Jilge 1982). 
 
The age of the rabbits, their physiological status or restriction to food access has been 
shown to alter this pattern (Carabano and Piquer 1998). Weaned rabbits (6 weeks) fed ad 
libitum have a greater incidence of diphasic patterns and longer caecotrophic periods than 
adults (14 weeks) (Bellier et al. 1995). Alternating rhythms of hard and soft faeces 
elimination have been observed in lactating does fed ad libitum (Lorente et al. 1988). 
Restricted food access dramatically alters the pattern of caecotrophy regardless of the 
length of the light phase (Carabano and Piquer 1998). In restricted feeding, the time for 
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soft faeces ingestion is dependent on the time of feeding (Fioramonti and Ruckebusch 
1976) and hard faeces elimination patterns are altered and lower growth rates result 
(Carabano and Piquer 1998). 
 
Although caecotrophy in rabbits is affected by the length of the light period, this is 
overridden by feeding regime which affects the patterns of caecotrophy and movement of 
digesta through the GIT of the rabbit. It would be of value to observe the effects of light 
and feed restriction on wild rabbits to further understand the mechanisms that control the 
initiation and frequency of caecotrophy in the rabbit.  
 
Except for rabbit 1, the situation described by Jilge (1982) was not observed in the 
current study and hard faeces were produced throughout the 24h, indicating possible 
short, frequent periods of caecotroph ingestion. The rabbits were fed ad libitum and kept 
on a 12:12 light: dark regime and it is possible that the rabbits ate out of boredom rather 
than necessity; this could cause the frequency of caecotrophy to increase due to increased 
food intake. However, eating out of boredom is not consistent with Fekete (1989) who 
suggested that a characteristic feature of the rabbit (and all animals) is ‘feed intake, 
according to energy’, where between certain limits, the daily dry matter intake is 
determined by the actual energy need of the animal. It is also possible that, since the 
importance of caecotrophy varies with the nutritive characteristics of the diet, there could 
have been a reduction in caecotrophy due to the high quality of the diet offered in the 
current study.  
 
Time series analysis of the rabbits indicated that the fluid fraction (including small 
particles) is seen as peaks in the hard faeces and these peaks occur periodically (every 8, 
12, 16, 24, and for one rabbit (rabbit 10) every 28h as well), although each animal had its 
own pattern. These pulses of the fluid marker in the hard pellets represent the percentage 
of fluid and small particles not retained by the CSM in the rabbit; the maximum height of 
each peak corresponds to hard pellets released immediately after a caecotrophic period, 
when the concentration of the fluid marker in the proximal colon is greatest. The height 
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of the fluid marker peaks decreased towards the end of hard pellet production. The 
mechanisms controlling the timing and frequency of caecotrophy are unknown.  
 
Carabano and Piquer (1998) suggested that differentiation between soft and hard faeces 
begins during the transit of digesta through the caecum and proximal colon. Other factors 
such as endogenous prostaglandins, which inhibit motility of the proximal colon, and 
changes in SCFA concentrations and pH in the caecum after a meal in restricted-fed 
rabbits have been proposed as primary signals leading to a period of soft faeces 
elimination. Structures typically involved in feed intake regulation (i.e. the lateral 
hypothalamus and the hypothalamic ventromedian nodes) do not seem to have the same 
roles in the rabbit as those described in other non-ruminant species (Carabano and Piquer 
1998). 
 
Further research is necessary to identify the factors which affect the initiation, timing and 
frequency of caecotrophy in the rabbit, particularly during different feeding and lighting 
regimes. 
 
Caecotrophy in the ringtail possum 
Initiation and frequency of caecotrophy in the ringtail possums in the current study were 
similar to those described by Chilcott (1982). Even less is known about the factors 
initiating caecotrophy in the ringtail possum than in the rabbit. However, it is apparent 
that, since food intakes by the ringtail possums is restricted to the dark phase, patterns of 
feeding and hence of caecotrophy are similar to those of restricted fed rabbits. 
 
Time series analysis of faecal elimination curves suggested that some of the fluid fraction 
(including small particles) is periodically eliminated in the hard faeces, again 
representing the percentage of this fraction not returned to the caecum major for further 
fermentation. Unlike the rabbit, the possums exhibited a pulse of this fraction every 4 or 
24h and possums exhibiting one pattern did not exhibit the other.  
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Caecotrophy in the ringtail possum differs from the rabbit in several ways. Firstly, the 
ringtail possum has two distinct phases, hard faeces elimination in the dark phase and soft 
faeces ingestion in the light phase, and caecotrophes are ingested intermittently only 
during the resting time (light phase). The timing of caecotrophy in the laboratory rabbit is 
less defined, and it has been proposed by Hirakawa (2001) that hard pellets are also 
produced and ingested during the caecotrophic period. Secondly, caecotrophes ingested 
by the rabbit are enclosed within a thick mucous coat and are swallowed whole and 
stored in the fundus of the stomach for several hours before they disintegrate (Griffiths 
and Davies 1963). Caecotrophes are chewed before swallowing by the ringtail possum 
(Hume 1999) and could not be identified in the dissected stomach in the current study. 
 
5.4.2.1  The role of caecotrophy to meet energy requirement and maintain 
vitamin,   amino acid and short chain fatty acid levels 
The natural diets of both the rabbit and ringtail possum are often high in fibre and both 
herbivores rely on microbial fermentation of plant cell walls in their caecum for a 
significant fraction of the energy absorbed from their GIT. To utilise this type of diet it is 
necessary to break down the B 1:4 glycosidic linkages of the carbohydrate elements of 
the cell wall.  Since no vertebrate produces its own B 1:4 glycosidase (Stevens and Hume 
1995) a section of the GIT must be developed to house microbes that produce cellulases 
which are capable of degrading the cell wall carbohydrates polymers to individual 
carbohydrate units such as glucose which are then used as an energy source for the 
microbial population (Chilcott 1982). It is the waste products of microbial action (the 
SCFAs) which are absorbed and utilised by the animal as a source of metabolic energy.  
 
The diets of the folivorous ringtail possum and the herbivorous rabbit differ 
predominantly because of the large number of plant secondary metabolites in Eucalyptus 
foliage. The Eucalyptus diet of the ringtail possum is also low in ash, crude protein and 
available carbohydrates, but high in lipid (including terpenes and other lipophilic plant 
secondary metabolites) and phenolic compounds, including lignin (Cork and Sanson 
1990). In contrast to the Eucalyptus andrewsii foliage used by Chilcott (1982) of 1.27% 
Nitrogen, the chopped alfalfa hay fed to rabbits in the current study contains more than 
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double this concentration (2.73% N) and does not contain the antinutritional factors 
found in Eucalyptus foliage.   
 
To appreciate the importance of caecotrophy to the laboratory rabbit and ringtail it is 
relevant to investigate the comparative contributions of caecotrophy and the diet to the 
requirements of the animals. 
 
Protein Requirements 
The role of caecotrophy in maintenance protein requirements is widely different for the 
rabbit and ringtail possum. While the ringtail possum relies heavily on caecotrophy to 
meet its nitrogen requirement on a Eucalyptus foliage diet, caecotrophy is less important 
for the laboratory rabbit and is possibly more related to the need for specific essential 
amino acids. 
 
Stephens (1977) reported that preventing caecotrophy in the rabbit lowered the apparent 
digestibility of crude protein but not of other dietary fractions. Protein from caecotrophy 
accounted for only 15 - 22% of the total daily protein intake (diet not specified) 
(Carabano and Piquer 1998). In contrast, Chilcott and Hume (1985) reported that the 
additional intake of nitrogen from caecotrophy in the ringtail possum was approximately 
twice the maintenance nitrogen requirement of the animal. That is, in the absence of 
caecotrophy, the maintenance nitrogen requirement of the ringtail possum would increase 
from 0.29 g N.kg-0.75.d-1 to 0.62 g N.kg-0.75.d-1. In comparison, the importance of 
caecotrophy for nitrogen balance in the rabbit depends on the efficiency of microbial 
protein synthesis in the caecum and varies with the diet from 30 to 60% of nitrogen 
intake (Spreadbury 1978).  It may be possible that caecotrophy in the rabbit is more 
important for the uptake of certain essential amino acids. Spreadbury (1978) reported that 
the amounts of lysine, sulphur amino acids and threonine in the soft faeces represented 10 
to 23% of total intake. Although differences in the contribution of caecotrophy to 
nitrogen metabolism between the rabbit and ringtail possum have been identified, more 
research is necessary to further define the extent.  
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Short chain fatty acids and energy requirements  
Acetic, propionic, and butyric acids (typically in molar ratios from 75:15:10 to 40:40:20) 
are the predominant SCFAs produced from the fermentation of plant materials (Bergman 
1990; Titus and Ahearn 1992). The contribution of SCFA produced in the caecum of the 
rabbit to its maintenance energy requirement has been calculated to be approximately 
12% when fermentation rates were measured in vitro (Hoover and Heitmann 1972), but 
as much as 40% when SCFA production rates were measured in vivo (Parker 1976;  
Marty and Vernay 1984). The role of caecotrophy is predominantly to maintain the 
microbial population which produce the SCFAs. The contribution of caecotrophy to 
SCFA production although thought to be directly related to maintain microbial 
population, it is not completely understood; it has been shown that prevention of 
caecotrophy causes an increase in the absorption of SCFA in the rabbit hindgut and 
SCFA metabolism in the liver and extra-hepatic tissues also increased (Vernay 1986). 
Thus indicating that caecotrophy also plays a possible role in the removal of SCFAs from 
the hindgut for absorption from the small intestine.  
 
It would be interesting to investigate the production and metabolism of SCFAs in the 
hindgut of the ringtail possum to determine if similar results to the rabbit were found. 
Chilcott and Hume (1985) reported that caecotrophy in the ringtail possum contributed 
the equivalent of 58% of digestible energy intake (254 kJ.kg-0.75.d-1). 
 
Vitamin requirement 
Since caecotrophes of the rabbit contain higher concentrations of vitamins (particularly K 
and B vitamins), caecotrophy is thought to contribute to the vitamin economy of the 
animal. Generally, microbial populations of the GIT of the rabbit produce a number of B 
vitamins and vitamin K, making the animal relatively independent of dietary source of 
these vitamins (Bauchop 1978; Carabano and Piquer 1998). Absorption of vitamins 
occurs mainly in the small intestine; hence caecotrophy recycles vitamins produced by 
the microbial population in the caecum to the small intestine for absorption.  
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Although caecotrophy has been assumed to contribute to the vitamin status of the ringtail 
possum (Hume et al. 1984), no quantitative data are available.  
 
5.4.2.2  Caecotrophy to recycle water 
The high water content of caecotrophes suggests that caecotrophy may be involved in 
water conservation. Since water is typically scarce in Australia this proposal warrants 
further investigation, particularly for the ringtail possum. If caecotrophy were used to 
recycle water, then caecotrophy would not need to occur if water was available. This 
highlights another difference between the study animals, the rabbits were often observed 
to drink water, while the ringtail possums were rarely seen drinking. This may be related 
to the supplementation with fruit which would have satisfied part the water requirement 
of the ringtail possums. 
 
In the wild, ringtail possums rarely descend from the security of the foliage, and water 
must be obtained from ingested food. Chilcott (1982) reported that an increase in water 
content of the Eucalyptus foliage resulted in significantly greater ‘feed water’ intakes in 
those periods, and higher urine volumes. To determine the role of caecotrophy in water 
recycling it would be essential to measure the water content of the caecotrophes during 
periods of high and low feed water intake. Chilcott (1982) found that urine volumes were 
positively correlated with total water intake, suggesting that maintenance of water 
balance may occur in association with the urinary excretion process of the kidneys rather 
than caecotrophy. Further studies need to be undertaken to determine the role of 
caecotrophy in water conservation and to determine if there is an association between 
caecotrophy and kidney function for water conservation in the ringtail possum.  
 
Little information is available on the role of caecotrophy in recycling water in the rabbit. 
However, if caecotrophy was used to recycle water then it would be expected that 
caecotrophy would not be observed when water was present, this was not currently 
found. To better understand the role of caecotrophy for water retention, it is necessary to 
determine water contents of caecotrophes of both the rabbit and ringtail possum during 
both dry and wet periods of environmental conditions.  
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5.4.2.3  Caecotrophy to aid detoxification of foodstuffs 
Although rabbits can be fed weeds (Cheeke 1981) and hence require mechanisms to 
detoxify antinutritional factors, this section applies predominantly to the ringtail possum, 
which is able to survive on a diet of Eucalyptus foliage.  Challenges of this diet include 
not only the low concentrations of nutrients but also the presence of high concentrations 
of components that interfere with digestion, especially lignin and tannins, and a wide 
range of potentially toxic secondary metabolites (Cork and Foley 1997). 
 
The main plant defences of Eucalypts are carbon based, especially phenolics and 
terpenoids (Foley et al. 1987); phenolics may comprise up to 40% of the Eucalyptus 
foliage dry matter (Cork 1984), while terpenoids (essential oils) have been reported to 
range from 0 to 24% of dry matter (Morrow and Fox 1980). Separation mechanisms and 
caecotrophy have been proposed as essential for survival of the ringtail possum (Cork 
and Foley 1997) but how these mechanisms aid survival in relation to detoxification has 
not been investigated. 
 
Plant secondary metabolites influence the dietary preference of the ringtail possum. 
Lawler et al. (2000) reported that significant patchiness in nutritional quality of 
Eucalyptus foliage resulted from variation in foliar concentration of a single compound 
(sideroxylonal) and this influenced the feeding decision of individual animals. Other 
researchers have observed the ability of plant secondary metabolites to act as feeding 
deterrents for ringtail possums (Pass et al. 1998; Lawler et al. 1998; Lawler et al. 1999 
and McIlwee et al. 2001). Above certain concentrations of some plant secondary 
metabolites, the ringtail possum will not ingest the foliage; this possibly indicates a 
maximum load of plant metabolites that the ringtail possum GIT can handle.  
 
Further research must be undertaken to further understand the role of plant secondary 
metabolites and whether this is controlled at least in part by digesta separation and 
caecotrophy. However, a proposal from the current research is that digesta in the ringtail 
possum could pass relatively quickly to the caecum on first ingestion, then after 
detoxification by microbes in the caecum, caecotrophes may be ingested and digested 
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more slowly and nutrients from the food source digested in the small intestine. Ringtail 
possums chew their caecotrophes before swallowing; this could increase the efficiency of 
digestion of the ‘detoxified caecal contents’. To investigate the above proposal, it is 
necessary to identify microbes and their function in the caecum of the ringtail possum. 
(Elliott et al. 1985) have identified rumen microbes that detoxify antinutrients of the diet 
of goats. Thus, if the microbes of the ringtail possum caecum were found to have the 
ability to detoxify plant secondary metabolites the role of caecotrophy would be to return 
the detoxified caecal contents for further digestion.  
 
 
5.5  Digesta passage in the ringtail possum 
Digesta flow in the ringtail possum, including circadian patterns of caecotrophy and the 
separation mechanism differs from that in the rabbit. The importance of caecotrophy in 
the ringtail possum is illustrated by the calculations of Chilcott and Hume (1985) that, in 
the absence of caecotrophy, the maintenance nitrogen requirement of the ringtail possum 
would be doubled. Caecotrophy (in conjunction with internal recycling) is an important 
strategy that allows the ringtail possum to survive on a sole diet of low-quality 
Eucalyptus foliage.  
 
Diets containing highly lignified fibre, such as Eucalyptus foliage, are mainly associated 
with animals of large body size that have high gut volume to body mass ratios and 
relatively low mass-specific metabolic rates and nutrient requirements (Hume and 
Warner 1980; Van Soest 1982; Hume et al. 1984). Modelling of digesta passage in the 
ringtail possum has shed further light on the question of how such a small animal is able 
to utilise a sole diet of Eucalyptus foliage. 
 
It is apparent that digesta flow in the ringtail possum is influenced by the separation 
mechanism and caecotrophy. These mechanisms specifically target the fluid fraction 
(including small particles) and retain them in the GIT for extended periods. The benefits 
of this digestive strategy influence protein, energy and essential vitamin requirements. As 
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well, water recycling and detoxification of plant secondary metabolites are additional 
possible benefits. 
 
The compartmental model developed for the ringtail possum requires further 
development in order to accommodate factors influencing and being influenced by 
caecotrophy. Developments that would be useful to achieve this include: 
1. Markers that can be used to trace particles of different sizes through the GIT with 
greater confidence than at present.  
2. Testing of the observations of Sakaguchi and Hume (1990) that low fibre 
digestibility indicates more rapid fibre passage in ringtail possums. 
3. Identification of the location of the digesta separation mechanism in the ringtail 
possum and the manner in which the mechanism works in terms of the percentage 
and size of particles selectively retained. 
4. The possible role of caecotrophy in water retention and detoxification of 
Eucalyptus foliage.  
5. Seasonal (Hume et al. 1996) and physiological changes in the ringtail possum 
which may affect digesta flow through the GIT. 
 
Although digesta flow in the ringtail possum was found to be less complex than in the 
rabbit, the ability of this small animal to utilise a sole diet of Eucalyptus foliage is 
intriguing. With the use of compartmental models, digesta passage can be investigated by 
changing external and internal factors that affect the animal, which may aid in the 
investigation of how the ringtail possum survives on a diet of Eucalyptus foliage.  
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5.6   Conclusion 
The results of the current study show that digesta flow through the GIT of the rabbit is 
not a suitable model for digesta flow in the ringtail possum. Although separation 
mechanisms and caecotrophy operate in both of these animals, they may be necessary for 
different purposes. The separation mechanism in the rabbit is that of a CSM, located in 
the proximal colon. The proximal colon of the ringtail possum did not have the 
anatomical structure of the rabbit and was more likely to be located in the caecum minor. 
The extent to which caecotrophy was practised differed between the two species; further 
highlighting the differences between the rabbit and ringtail possum. A number of 
proposals regarding the separation mechanism and caecotrophy are discussed in this 
chapter, and further research is required into the differences observed in separation 
mechanisms and caecotrophy between the rabbit and ringtail possum. 
 
5.6.1 Rejection of the research hypothesis 
Although both rabbits and ringtail possums are caecotrophic caecum fermenters the 
rejection of the sub-hypotheses implies that the main research hypothesis used to 
establish the research objective is rejected.  
 
5.6.2 Implications 
There are at least three major implications of the current study: 1) Some digesta particle 
markers currently available may not meet enough of the criteria of an ideal marker to be 
useful; 2) care must be taken when selecting animals for model development (although 
both the rabbit and ringtail possum are caecotrophic caecum fermenters, differences in 
digesta flow patterns were found); and 3) the models developed can be used as the basis 
for further compartmental modelling of digesta flow in the ringtail possum. 
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APPENDIX 1 
XRD results for Eu, Tm and Dy 
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APPENDIX 2 
 
Correlograms for all rabbits (numbers 1,3,7,8,9,10 and 11) for the markers Cr-
EDTA, Dy and Eu. 
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